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ABSTRACT 
Spider dragline silk is well known for its outstanding mechanical properties – a 
combination of strength and extensibility that makes it one of the toughest materials 
known. Two proteins, major ampullate spidroin 1 (MaSp1) and 2 (MaSp2), comprise 
dragline silk fibers. There has been considerable focus placed on understanding the 
source of spider silk’s unique mechanical properties by investigating the protein 
composition, molecular structure and dynamics. Chemical compositional heterogeneity of 
spider silk fiber is critical to understand as it provides important information for the 
interactions between MaSp1 and MaSp2. Here, the amino acid composition of dragline 
silk protein was precisely determined using a solution-state nuclear magnetic resonance 
(NMR) approach on hydrolyzed silk fibers. In a similar fashion, solution-state NMR was 
applied to probe the 13C/15N incorporation in silk, which is essential to understand for 
designing particular solid-state NMR methods for silk structural characterization.  
Solid-state NMR was used to elucidate silk protein molecular dynamics and the 
supercontraction mechanism. A 2H-13C heteronuclear correlation (HETCOR) solid-state 
NMR technique was developed to extract site-specific 2H quadrupole patterns and spin-
lattice relaxation rates for understanding backbone and side-chain dynamics. Using this 
technique, molecular dynamics were determined for a number of repetitive motifs in silk 
proteins – Ala residing nanocrystalline β-sheet domains, 31-helical regions, and, Gly-Pro-
Gly-XX β-turn motifs. The protein backbone and side-chain dynamics of silk fibers in 
both dry and wet states reveal the impact of water on motifs with different secondary 
structures. 
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Spider venom is comprised of a diverse range of molecules including salts, small 
organics, acylpolyamines, peptides and proteins. Neurotoxins are an important family of 
peptides in spider venom and have been shown to target and modulate various ion 
channels. The neurotoxins are Cys-rich and share an inhibitor Cys knot (ICK) fold. Here, 
the molecular structure of one G. rosea tarantula neurotoxin, GsAF2, was determined by 
solution-state NMR. In addition, the interaction between neurotoxins and model lipid 
bilayers was probed with solid-state NMR and negative-staining (NS) transmission 
electron microscopy (TEM). It is shown that the neurotoxins influence lipid bilayer 
assembly and morphology with the formation of nanodiscs, worm-like micelles and small 
vesicles.  
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CHAPTER 1 
Nuclear Magnetic Resonance Spectroscopy, Spider Silk and Venom Proteins – General 
Introduction 
Nuclear Magnetic Resonance Spectroscopy 
Since Bloch, Hansen and Purcell experimentally demonstrated the nuclear 
magnetic resonance (NMR) phenomenon in 1946 [1], NMR has been undergoing 
tremendous development and serving as an indispensable tool in the fields of chemistry, 
biology and medicine. Among the exciting theoretical, methodological and instrumental 
developments during the last several decades, the discoveries of Fourier transformed (FT) 
NMR [2] and two-dimensional (2D) NMR [3] are the revolutionary breakthroughs that 
opened the door to NMR applications in these fields. The two methodologies were first 
introduced by Richard R. Ernst and his colleagues to the community in 1966 and 1975, 
respectively [2, 3]. FT NMR leads to sensitivity gain and 2D NMR permits resolution 
enhancement and spin correlation mapping, which are the foundations of modern 
advanced NMR. The Nobel Prize in Chemistry 1991 was awarded to Richard R. Ernst 
“for his contributions to the development of the methodology for high resolution nuclear 
magnetic resonance spectroscopy”.  After the introduction of 2D NMR, multi-
dimensional NMR was soon applied to the biochemistry field and numerous pulse 
sequences were developed for structural and dynamical studies of bio-systems [4-9]. The 
primary work in the early days was fulfilled by Kurt Wüthrich’s group collaborating with 
Richard R. Ernst’s group at ETH Zürich. In the early 1980s, they managed to obtain 
complete resonance assignments for several proteins and determined the first NMR 
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protein structure with 2D proton homonuclear correlation experiments [10, 11]. However, 
unexpected disbelief was received when Kurt Wüthrich presented the first NMR protein 
structure (that of bull seminal protease inhibitor) to the community. In order to obtain 
public recognition, Kurt Wüthrich and colleagues performed NMR studies to solve the α-
amylas inhibitor conformation, which was conducted independently and concurrently 
using X-ray diffraction in Robert Heber’s laboratory. The identical results obtained from 
the two studies finally brought scientists’ attention and recognition to NMR 
determination of protein structure. With this great stride made, the following decades 
were exciting – multi-dimensional NMR pulse sequences were developed and the number 
of protein structures solved by NMR has exceeded 10,000 [12, 13]. Kurt Wüthrich was 
awarded the Noble Prize in Chemistry in 2003 “for his development of nuclear magnetic 
resonance spectroscopy for determining the three-dimensional structure of biological 
macromolecules in solution”. In the recent decades, with the exploration and 
development of transverse relaxation-optimized spectroscopy (TROSY) [14], specific 
protein isotope labeling scheme and non-uniform sampling NMR data acquisition 
methodology [15, 16], the largest monomeric protein with structure solved by NMR has a 
molecular weight of 81.4 kDa [17]. In addition, NMR is widely used to investigate 
protein dynamics and interactions. 
The first observed NMR signal was from protons in solid-state paraffin wax [1]. 
Since then, solid-state NMR has been undergoing revolutionary developments and 
extensively applied to the fields of chemistry, material science, geophysics and 
biochemistry [18-20]. Because of the natural broad and anisotropic resonance lines in the 
spectrum, solid-state NMR is limited in the structural and dynamical studies for proteins, 
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especially at the early stages of NMR in structural biology. However, compared with 
liquid-state NMR and X-ray diffraction, solid-state NMR could provide atomic-level 
structural information for bio-molecules that have low solubility or large molecular 
weight (>100 kDa) or resistance to crystallization. With this unique capability, solid-state 
NMR provided immense atomic-resolution structural information for bio-systems like 
amyloids [21], prion proteins [22] and membrane proteins [23]. The success of these 
studies was greatly enhanced by the usage of magic angle spinning (MAS), cross 
polarization (CP), advanced multiple-pulse sequences and enhanced probe electronics. 
These techniques enable resolution improvement, signal sensitivity enhancement and 
spin-correlation selection through anisotropy averaging.  On the other hand, vast 
dynamical and structural information was carried by the anisotropic properties preserved 
in solid-state NMR. The anisotropy dominantly results from the spin chemical shift 
anisotropy (CSA), dipolar coupling and/or quadrupolar coupling interaction that are 
orientation-dependent and not completely averaged in solid-state samples. In the 
following sections, the author would like to give a detailed description about these solid-
state NMR techniques that were utilized and applied in the work discussed in this thesis. 
Magic Angle Spinning NMR 
In solids, molecules undergo motions that are not fast enough to average 
anisotropic interactions. As a consequence, resonance peaks observed in NMR are often 
extensively broadened by the non-averaged interactions including J-coupling, spin-
rotation interaction, CSA, dipolar coupling and quadrupolar coupling. The line 
broadening contributed by J-coupling and spin-rotation interaction is often ignored 
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because the anisotropic part is usually small. In an applied B0 field, the hamiltonian 
expressions of these interactions (only including the 1st order for quadrupolar interaction) 
have a orientation term – (3 cos2θ - 1) ⁄ 2 (θ is the angle between the interaction vector 
and B0). In MAS NMR, the axis of the sample holder (MAS rotor) is placed at the magic 
angle (54.74°) with respect to the B0 field (Figure 1.1A). If the rotor is span at a speed >> 
the interaction in Hz, the orientation-dependent interaction tensor is artificially averaged 
to a total orientated at 54.74° with respect to B0. As a result, the corresponding 
interaction equals zero because (3 cos2θ - 1) ⁄ 2 = 0. The typical NMR hardware could not 
reach MAS spinning speeds (standard rate is ≤40 kHz) sufficient to completely average 
many interactions to zero. In this case, as shown in an example in Figure 1.1B, an 
anisotropically broadened peak is collapsed into a manifold of MAS spinning sidebands. 
It is straightforward to conclude that MAS technique significantly enhances the signal-to-
noise ratio (S/N) and spectrum resolution. This leads to its extraordinarily wide 
Figure 1.1. (A) Schematic representation of sample position in MAS NMR.  (B) Static (top) 
and MAS 13C spectra (bottom) for U-[13C2,15N]-Gly crystalline powder. The MAS is collected 
with 10 kHz rotor spinning frequency. # and * marks CO and Cα spinning sidebands,  
respectively.  
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application in NMR of solid since it was first discovered by E. R. Andrew and his 
colleagues at 1958 [24]. 
Chemical Shift Anisotropy 
The CAS interaction arises from shielding anisotropy due to the electron 
distribution around a nucleus that is not spherically symmetric. In this case, the induced 
magnetic fields are not equal for X, Y and Z CSA principle axis, when applying an 
external magnetic field along the axis. Figure 1.2A shows an ellipsoid representing a 
CSA tensor  (δaniso= δzz − δiso and asymmetry parameter η = 
€ 
δYY −δXX
δaniso
. In a solid 
containing nucleus with such CSA tensors, one would obtain a static CSA powder pattern 
as shown in Figure 1.2B. 
 
CSA could cause significant line broadening as the molecular rotation is 
restricted. Thus, it is often artificially averaged to enhance spectrum resolution with many 
techniques such as MAS and manual sample alignment. Meanwhile, substantial efforts 
ppm
bZZ
bXX
bYYZ
Y
X
biso
A B
Figure 1.2. A CSA tensor (A) and the static powder pattern (B). 
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have been making toward moving in another direction - to retrieve CSA tensor values. 
The CSA tensor orientation and value of a nucleus in a molecule depends on the local 
chemical environment, providing an excellent resource for structural and dynamical 
information such as orientation, peptide bond dihedral angles and molecular motion. It 
has been utilized in structure characterization for many proteins – from fibrils to protein 
microcrystals to large membrane proteins [25, 26]. For example, site-specific 13C and 15N 
CSA tensors were determined to extract dihedral angle restraints for GB1 structure 
refinement [26]. With the restraints, the calculated structure has a much improved 
backbone RMSD (0.16 Å) and 0.51Å agreement with the 1 Å X-ray structure. Another 
example is secondary structure determination for silkworm and spider silk proteins using 
CSA tensors [27, 28]. The backbone torsion angles were determined by the relative 
orientations of C=O CSA tensors of two adjacent amino acids, which were measured by 
13C double-quantum/single-quantum (DQ/SQ) correlation experiments. These studies 
provided critical conformation information for silk proteins that were previously 
unavailable from classical NMR structure investigations.  In Chapter 7, the studies of 
spider neurotoxin – lipid bilayers interactions using CSA will be discussed. 
Dipolar Coupling 
The direct interaction between two nuclear spins though space is called the 
dipolar coupling. A nuclear spin has dipole moment and generates a magnetic field in the 
surrounding space, which interacts with the neighboring spins (Figure 1.3A). This 
interaction results in a broad powder pattern as shown in Figure 1.3B. Different from the 
other spin-spin interaction, J-coupling, dipolar coupling exists for spins that are spatially 
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close. The dipolar coupling constant between spin i and j is 
€ 
dij =
µ0γ iγ j
4πrij3
 (µ0, γ and r 
represent the magnetic constant, gyromagnetic ratio and distance between i and j, 
respectively). 
 
Dipolar coupling is the most important interaction and the basis for most solid-
state NMR technique developments and applications. Solution-state NMR commonly 
implements J-coupling to establish spin correlations for structural studies. Instead, most 
techniques in solid-state NMR utilized spin dipolar coupling to obtain correlation 
spectrum as J-coupling based polarization transfer is less efficient with the present of 
other much stronger anisotropic interactions in many cases. The most commonly used 
building block in solid-state NMR pulse sequences is cross-polarization, which transfers 
magnetization between two nuclear spins via the dipolar coupling interactions [29, 30]. 
Another invaluable application of dipolar coupling is provide spin distance information 
for structural studies [31]. As dipolar coupling constant is proportional to 
€ 
1
rij3
, the 
i j
d d/2 -d/2 -d
dA B
Figure 1.3. (A) Schematic representation of dipolar coupling interaction between nuclear spin 
i and j. It is realized through spin i (j) interacting with the magnetic filed generated by spin j 
(i).  (B) Dipolar coupling powder pattern for the spin system shown in A.  
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distance between two intra-molecular or intermolecular nuclei (atoms) is readily 
determined from the dipolar coupling measurement. The effect of dipolar coupling is 
often removed by MAS for the sake of resolution. Thus, it requires reintroducing this 
interaction with recoupling pulse sequences for distance determination. To date, with 
various recoupling schemes developed for homonuclear and heteronuclear spins, dipolar 
coupling measurement has been providing precise distance restraints for structure studies 
of substantial systems such as GB1 [32] and Aβ amyloid fibrils [33].  
 
Quadrupolar Coupling 
A spin > ½ nucleus has a quadrupolar coupling interaction because its electric 
quadrupole moment interacts with the surrounding electron filed gradient (EFG). The 
Figure 1.4. Theoretical 2H quadrupole line shape for chemical groups undergoing different 
molecular motions. 
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consequence of this interaction is NMR line broadening and fast spin magnetization 
relaxation. The quadrupolar interaction depends on the EFG tensor and is represented by 
two parameters – quadrupolar coupling constant (CQ) and the asymmetry parameter (ηQ). 
CQ is typically much larger than CSA and dipolar coupling, and ranges from hundred of 
kHz to several MHz for spin>1/2. Thus, it is the dominant interaction in solids and cause 
server line broadening. On the other hand, the unique quadrupole line shape (pattern) 
strongly correlates with molecular dynamics and delivers rich information, and is widely 
utilized to characterize systems from small molecule crystals [34] to complex surfaces 
[35] to proteins [36]. For example, deuterium (2H) is a nucleus spin possessing a small 
CQ and its motionally averaged quadrupolar interaction is extensively studied. Figure 1.4 
displays the quadrupole line shapes for 2H involving chemical groups undergoing 
different motions. It indicates that the 2H line shape is very sensitive to molecular 
dynamics falling in the range of 102 s-1 to 108 s-1. Thus, by measuring the 2H quadrupole 
line shape for a given molecular site, it is possible to extract the dynamical and structural 
information for the system.  
Spin relaxation times are another feature in spin > ½ NMR that contain rich 
structural and dynamical resources as the quadrupolar coupling interaction is often the 
dominant relaxation mechanism. A mathematical relation between the spin relaxation 
time and dynamics could be derived for quadrupolar nuclei in a chemical group involving 
a specific motion. For example, Figure 1.5 displays 2H spin-lattice relaxation time (T1) as 
a function of the three-site hopping rate for a methyl group at two different deuterium 
EFG tensor orientations with respect to B0. In practice, the molecular motion rate can be 
calculated from experimentally measured 2H relaxation times for a system.  The 
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characterized dynamics range covers 108 s-1 – 1012 s-1 for the case of deuterium. Overall, 
spin > ½ NMR is a powerful and invaluable tool for structural and dynamics studies. The 
author will spend Chapters 4, 5 and 6 in this thesis to discuss the theory and application 
of 2H NMR to protein dynamical studies in detail. 
 
Cross-polarization NMR 
In NMR of many systems, detecting the dilute spin (S), such as 13C and 15N, is 
often impeded by low spin abundance and long T1 time. To overcome these issues, the 
CP technique is implemented in solid-state NMR by transferring magnetization of an 
abundant spin (I) to a spin S via the heteronuclear dipolar coupling. Magnetization 
transfer occurs when the spins have matching energy levels. It is fulfilled by applying 
radio-frequency (rf) pulse to spin I and S with filed strengths meeting the Hartmann-
Hahn condition - 
€ 
γ I B1(I) = γ SB1(S) [29]. This process is called spin-lock. The simplest 
56789101112
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Figure 1.5. Theoretical 2H T1 times as a function of three-site hopping rate for methyl groups 
at two orientations – the EFG tensor is parallel and perpendicular with respect to B0, 
respectively. 
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NMR pulse sequence involving CP is shown in Figure 1.6A, where an excitation rf pulse 
is applied to spin I and the generated magnetization is transferred to spin S under spin-
lock condition for signal detection. Typically, a rf field with ramped-amplitude is applied 
to one spin and one with a constant amplitude to the other spin to circumvent the 
imperfect CP condition induced by MAS and hardware instability [37].  
 
 In practice, the CP technique provides significant S/N enhancement for spin S 
because of two features. First, the pre-factor in Boltzmann distribution of spin I is also 
transferred to the spin S magnetization. Theoretically, S/N observed for spin S in CP is 
larger by a factor of 
€ 
γ I γ S  than that in direct one-pulse experiment. Second, spin I 
usually has a much shorter T1 due to it abundance and homonuclear dipolar coupling 
induced relaxation. Signal could be collected fast in this case because a short repetition 
delay is required. For example, 1H-13C/15N CP is extensively utilized in NMR of bio-
systems. Significant S/N enhancement is often achieved because 1H has high natural 
isotope (99.9885%) and spin species abundance, large γ (~ 4.0/9.9 times as large as that 
Figure 1.6. (A) CP-MAS pulse sequence. (B) 13C one-pulse MAS and 1H-­‐13C ramped CP-
MAS spectra for U-[13C2,15N]-Gly crystalline powder. The MAS frequency is 30 kHz. The 
total data collection time for each spectrum is 160 s. S/N ratios for CO and Cα resonances are 
shown in the figure. 
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of 13C/15N) and short T1 (typically a few seconds, 13C/15N has a T1 of tens of seconds to 
minutes).  Figure 1.6B displays 13C direct one-pulse MAS and 1H-13C CP-MAS spectra 
for Gly. With a total of 160 s experiment time, the observed 13C S/N in CP-MAS is up to 
~6 times larger. CP is one indispensable building block in almost every advance solid-
state NMR pulse sequences. Here, the author would not list any practical example as CP 
is used throughout the work presented in this thesis.  
Multiple-pulse NMR 
Instead of subjecting the nuclear spins to a single rf pulse to generate signals, the 
majority of NMR is conducted by applying multiple pulses separated by delays to the 
system. The driving force of this implementation includes many aspects such as 
establishing spin correlation, compensating effects caused by external anisotropy, and, 
improving resolution and sensitivity. The first multiple-pulse NMR sequence was the 
Hahn spin-echo discovered at 1950 [38]. This pulse sequence simply adds a π pulse after 
the initial excitation pulse to remove the magnetization loss and line broadening caused 
by the external inhomogeneous effects. After the invention of this two-pulse sequence, 
tremendous multiple-pulse sequences have been developed to achieve certain goals. For 
example, many solid-state NMR techniques utilize complex multiple-pulses for the 
purpose of measuring anisotropic interactions as discussed above. One pulse sequence, 
DRAMA (dipolar recovery at the magic angle), was introduced by Tycko et.al. to 
measure homonuclear dipolar coupling under MAS condition [39]. The first DRAMA 
sequence is composed of two π/2 pulses, which are symmetrically placed in one rotor 
period. Dipolar decoupling was reintroduced with this pulse sequence, but, the CSA is 
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also not averaged to zero concurrently.  In order to remove CSA and only retrieve dipolar 
coupling, they invented a new sequence that consists of four two-pulse units and has a π 
pulse placed between every two [39]. Another common example of multiple-pulse NMR 
involves excitation and observation of multiple-quantum (MQ) coherence [40]. MQ 
usually involves exciting MQ coherences and reconverting to detectable single-quantum 
(SQ) coherence, which is achieved by a series of pulses. Figure 1.7 shows DQ 2H-13C 
heteronuclear correlation (HETCOR) NMR pulse sequence and the application to 
D8,13C7,15N-Phe crystals. It is indicated that MQ provides much better resolution than SQ 
experiment (data not shown). The different chemical shifts observed for both Cα and Cβ 
imply the existence of two crystal packing structures in the sample. More importantly, 
high resolution in 2H DQ dimension enables resolving the two 2Hβ chemical shifts, 1.39 
ppm and 2.65 ppm, for Phe crystal with one type of packing structure. The significantly 
up-field shifted 2Hβ chemical shift (1.39 ppm) provides evidence for the presence of 
aromatic ring π-π stacking in this type of crystal structure. This information could not be 
obtained from SQ experiment conducted under same B0 field and MAS condition. To 
summarize, multiple-pulse NMR enables the extraction of particular information with 
high resolution, which has dramatically accelerated solid-state NMR structure and 
dynamics studies in the past few decades. 
Spider Silk 
Spider silk is one of the most ancient biomaterials. It has attracted scientists’ 
attention for several decades because of its unique mechanical properties [41-44]. The 
combination of high tensile strength and extensibility makes it much tougher than all 
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known materials. It is believed that the outstanding mechanical properties originate from 
the molecular structure and organization of the silk proteins. Spiders produce up to seven 
types of silk and each is used for a distinct purpose [43]. Among these, dragline silk is the 
Figure 1.7. (A) DQ 2H-13C HETCOR CP-MAS NMR pulse sequence. Two π/2 pulses are 
placed at the two sides of t1 evolution time to achieve DQ excitation and reconvention; A 
delay and π/2 acts as a z-filter to remove zero-quantum coherence. The pulse sequence was 
introduced by Agarwal et. al. [36]. Here, the acquisition mode is hypercomplex instead of 
TPPI. (B) DQ 2H-13C HETCOR CP-MAS spectrum for D8,13C9,15N-Phe crystalline sample 
collected on a 800 MHz instrument with 35 kHz MAS frequency. The peaks in blue and red 
highlight well-resolved 2Hβ resonances for Phe crystals having aromatic π-π stacking 
structures. (C) Schematic representation of Phe aromatic π-π stacking crystal structure. In a B0 
filed, the induced magnetic field (yellow circles) causes de-shielding effect to one 2Hβ (red) 
and shielding effect to the other (blue). This leads a unique chemical shift difference for the 
two 2Hβ as shown in red and blue in B, respectively. 
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most studied because it has the best mechanical properties and is easy to collect. It is 
composed of two proteins, major ampullate spidrion 1 (MaSp1) and 2 (MaSp2) and each 
has a molecular weight of 200-350 kDa [45, 46]. To date, the full sequences for the two 
proteins are only know for L. hesperus (black widow) spider [47]. Figure 1.8A shows the 
known partial sequences of MaSp1 and 2 proteins for N. clavipes dragline silk, which is 
the major focus of silk studies presented in this thesis. The two proteins are primarily 
comprised of repetitive motifs including poly(Ala), poly(Gly-Ala), Gly-Gly-X (X=Gln, 
Leu, Tyr) and Gly-Pro-Gly-X-X (X-X = Gln-Gln, Gly-Tyr). Previous NMR and X-ray 
diffraction (XRD) illustrated that each type of repetitive motifs form distinct secondary 
structure and is the basic unit of the fiber assemblies [27, 48-59]. As presented in Figure 
1.8B, ploy(Ala) and ploy(Gly-Ala) form β-sheet (dominated by antiparallel) structures. 
These β-sheet motifs come together and assemble into nanocrystallines with approximate 
sizes of 2×5×7 nm [50, 51]. It is believed that the hydrogen bonds in the noncrystalline 
domains are responsible for silk strength according to molecular simulation studies [60]. 
In addition, Gly-Gly-X and Gly-Pro-Gly-X-X motifs are present in 31-helical and type II 
β-turn regions, respectively. Tyr and Phe in Gly-X and Gly-Gly-X motifs are in 
disordered helical structures. The great extensibility of silk is thought to arise from these 
regions. Another unique property of spider dragline silk is supercontraction [61]. When 
silk is hydrated with water, it can shrink up to 50% in length and swell significantly in 
diameter. This process is accompanied by a decrease in strength and an increase in 
extensibility, which could be used to design bio-inspired materials. The strong correlation 
of Pro content with spider silk supercontraction behavior implies that Gly-Pro-Gly-X-X 
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is responsible to this property [61]. To date, little is known about the supercontraction 
mechanism at the molecular level. 
 
As discussed above, substantial efforts have been made to characterize the 
secondary structures using techniques such as NMR, XRD and optical spectroscopy, with 
Figure 1.8. (A) Partial MaSp1 and MaSp2 primary sequences for N. clavipes dragline silk. 
The residues highlighted in red form β-sheet motifs. (B) Schematic representation of spider 
dragline silk secondary structures. The repetitive motifs ploy(Ala) and ploy(Gly-Ala) motifs 
present as β-sheet structures; Gly-Gly-X (X = Gln, Leu) form 31-helix; Tyr/Phe form in Gly-X 
and Gly-Gly-X are disordered helical structures; Gly-Pro-Gly-XX (XX = Qln-Qln, Gly-Tyr) 
motifs show type-II β turn structures.  
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the goal of understanding the resources of silks’ incredible mechanical property at the 
molecular level. Another focus is probing the molecular dynamics of silk proteins, which 
could provide rich information about the molecular structure as well as supercontraction 
mechanism. Different from the situation of silk secondary structure, the molecular 
dynamics study is lagging far behind. The best work was performed by Yang et.al., 
where Gly residues in wet silk were found to have three populations with different 
dynamics - ~35%, ~20% and ~45%  present 108±1 Hz, 2×104−1×106 Hz and restricted 
motion, respectively [62]. Additionally, Leu was differentiated to two types possessing 
rigid and fast methyl group rotation in wet silk. While the dynamics information for Gly 
residues were elucidated to some extent in this work, little is known about molecular 
motions for the rest of MaSp1 and 2 proteins. With the aim of better understanding the 
molecular structures and supercontraction mechanism, we conducted a series of 2H NMR 
experiments and managed to elucidate the silk protein dynamics. In Chapters 5 and 6 in 
this thesis, the author will describe a compete dynamic study for spider dragline silk 
fibers in both dry and wet states. 
It is essential to understand how MaSp1 and 2 proteins interact and form 
particular tertiary structures. Previous studies show that silk is heterogeneous [63, 64]. 
Dragline silk amino acid composition varies from different species, samples collected at 
different time from a spider, or even different regions of a single fiber [63, 65]. This 
heterogeneity implies the variation of the two proteins’ ratio, which is crucial to 
understand for better elucidating their interactions. This can be achieved by accurately 
determining the total amino acid composition for dragline silk using quantitative 
analytical tools. The common used chromatography-based amino acid analysis has large 
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inherent error (could up to 11% [66]), which is incapable of providing accurate 
composition for silk. NMR is an alternative technique to fulfill this task. The NMR 
determination of dragline silk amino acid composition will be discussed in Chapter 3 in 
detail. Beside this analytical characterization, we also probed 13C/15N enrichment in a 
site-specific manner using NMR for the isotopically labeled dragline silk fibers that were 
used in our structure and dynamics studies. This analysis provided invaluable information 
to assist the solid-state NMR experiment design and data interpretation. The study will be 
described in Chapter 4.  
Spider Venom 
Spiders have been living on this planet for over 400 million years. Undoubtedly, 
spider venom contributes immeasurably to this long evolution history as a powerful 
hunting and self-defense weapon. The chemical composition of spider venom is quite 
complicated and biologically active, earning the spider a nickname of “eight-legged 
pharmacist” [67-75]. Previous studies indicated that spider venom contain more than 300 
compounds ranging from salts, acylpolyamines, linear peptides, neurotoxin peptides to 
big proteins [67-75]. Considering >40,000 spider species known, it is estimated that 
spider venom contain over tens of millions bioactive compounds, constituting a pre-
screened and pre-optimized combinatorial library that could be potentially used for new 
drug discovery and design [76-78]. To date, the chemical composition and biological 
function of spider venom has not been fully characterized. In the past few decades, many 
efforts have been spent on separating crude venom using liquid-chromatograph and 
indentifying the biologically active components with electrophysiology techniques [79-
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86]. A number of studies have also been conducted toward another compensating aspect 
– characterizing the molecular structures of individual component and its molecular 
interaction with bio-systems [77, 87-93]. For example, previous studies obtained the 
structures of several acylpolyamines using solution-state NMR and mass-spectroscopy 
(MS) [77]. A new family of unusual sulfated nucleoside derivatives was indentified from 
crude spider venom with solution-state NMR [87]. The structure studies of venom 
fractions will shed light on their biological activity at the molecular level and play a 
crucial rule in new drug and therapy discovery. 
 
Neurotoxins are an important family of peptides in spider venom. They are ion 
channel inhibitors and have the inhibitory Cys knot structures (ICK). Because they target 
ion channels, spider venom neurotoxins are potential drugs for treatments of many 
diseases such as heart arrhythmias, long QT syndrome, multiple sclerosis, epilepsy, 
YCQKW LWTCDSERK – CCEDMV–CRLW – –  – CKKRLGsAF1
YCQKWMWTCDEERK – CCEGLV– CRLW – –  – CKKKIEWGsAF2
YCQKWMWTCDEERK – CCEGLV– CRLW – –  – CKRIINMGsMTx2
ECRY L F G GCKTTSD – CCKHLG– CKFRDKY– CAWDFTFSHaTx1
ECRY L F G GCKTTAD – CCKHLG– CKFRDKY– CAWDFTFSHaTx2
YCQKWMWTCDEERK – CCEGLV– CRLW – –  – CKKKIEEGVsTx2
Ion Channels
Nav1.1, Nav1.2,  Nav1.3, Nav1.4, Nav1.6, 
Nav1.7, Kv11.1, MS channels (SACs)
Nav1.1, Nav1.2,  Nav1.3, Nav1.4, Nav1.6, 
Nav1.7, Kv11.1
KvAP, Cav1.2
MS channels (SCAs)
Kv2.1, Kv4.2, Cav2.1
Kv2.1
VsTx1
GCLE F WWKCNPNDDKCCRPKLKCSKLFK L – CNFSFGKGsMTx4
Nav1.1, Nav1.2,  Nav1.3, Nav1.4, Nav1.6, 
Nav1.7, Kv11.1, Kv11.2, KvAP, MS 
channels, antimicrobial activity
ECGK F MWKCKNSND– CCKDLV– CSSRWKW–CVLASPF Nac1.7, Kv11.1, KvAP
GrTx1 YCQKWMWTCDSKRK – CCEDMV–CQLW – –  – CKKRL
Nav1.1, Nav1.2,  Nav1.3, Nav1.4, Nav1.6, 
Nav1.7, Kv11.1
VsTx3 DCLG W F KGCDPDNDKCCEGYK– CNRRDKW–CKYKLW KvAP
t<GrTx SIA DCVR F WGKCSQTSD – CCPHLA– CKSKWPRNICVWDGSV P/Q - Cav2.1, N-type Cav2.2, Kv2.1, calcium channels coupled to glutamate release
Name Sequence
DCLG F MRKC I PDNDK CCRPNLVCSRTHKW– CKYVFGKGTx1-15 Cav3.1
Figure 1.9. Primary sequences and the ion channel targets of known neurotoxins isolated from 
G. rosea tarantula venom. Cys residues are highlighted in grey bars. In all neurotoxins, six 
Cys form three disulfide bonds that fold the peptides into ICK structures.  
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stroke, peripheral neuropathies and inflammatory pain [70, 76, 78, 94]. The mutual 
neurotoxin peptides are usually composed of ~30 amino acids. Figure 1.9 lists the 
sequences of all known neurotoxins isolated from G. rosea tarantula venom and their ion 
channels targets [79-86, 93, 95-98]. It is noted that their primary sequences are highly 
conserved, specifically with regards to Cys position. For example, GsAF1, GsAF2, 
VsTx2, GsMTx2 and GrTx1 share ~90% homology. Each neurotoxin contains six Cys 
residues that form the ICK fold structure. So far, five of the neurotoxins in G. rosea 
venom have experimentally determined structures (Figure 1.10) [88-91, 93]. As presented 
in Figure 1.11, these NMR structures indicate that the neurotoxins also share high 
structural homology. As discussed above, spider neurotoxins achieve their biological role 
by interacting with ion channels. Despite the high sequential and structural homogeneity, 
spider neurotoxins have very different interacting ion channels and some target a given 
GsMTx4t<GrTx-SIA VsTx1
HaTx1 GsMTx2
Figure 1.10.  3D solution-state NMR structures of spider venom neurotoxins - ω– GrTx-SIA 
(PDB: 1KOZ), GsMTx4 (PDB: 1TYK), VsTx1 (1S6X), HaTx1 (1D1H) and GsMTx2 (PDB: 
1LUP). 
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channel with high selectivity. For example, the solution-state NMR structures of VsTx1 
and GsMTx4 are very similar as presented in Figure 1.11. Electrophysiological studies 
show that VsTx1 have good affinity for Nav1.7, but not Nav1.1, Nav1.2, Nav1.3, Nav1.4 
and Nav1.6 channels [79]. However, GsMTx4 have relatively good affinity for all of 
these channels. This must result from the minor differences between the two neurotoxin 
structures.  Although having high primary sequential homogeneity, GsAF2 has a good 
affinity for hERG1 channel while GaAF1 has a poor affinity for it [79]. These examples 
illustrate the importance of solving the molecular structures for neurotoxins in order to 
understand their biological activities. With this goal, we performed solution-state NMR 
structure characterization for neurotoxins isolated from spider venom. The studies will be 
discussed in Chapter 7.  
 
A B
C D
Figure 1.11. Comparison of spider neurotoxins 3D structures. (A) and (B): GsMTx4 (orange) 
and VsTx1 (cyan) structures shown at two different angles. (C) and (D): ω-GrTx-SIA  
(orange) and HaTx1 (cyan) structures shown at two different angles. 
 
 
	   22	  
The ion-channel inhibition mechanism has been revealed previously for several 
spider venom neurotoxins including VsTX1, GsMTx4, HaTx1, SGTx and ProTx2 [99-
106]. It was shown that several steps are likely involved that facilitate neurotoxin-ion 
channel interactions. First, the neurotoxins penetrate into the membrane. Then, the 
peptides locate the ion-channels through lateral diffusion and bind to the particular motifs 
(likely the paddle motifs). These studies shed new lights on how the spider neurotoxins 
inhibit voltage-gated ion channels. A series of questions still need to be answered to fully 
understand the inhibition activities. For example, is the proposed targeting process true 
for other spider neurotoxins? What are the roles of membrane/lipid in the targeting 
process? What cause the ion-channel inhibition activity differences between neurotoxins? 
Which ion-channel motifs exactly do neurotoxins bind to? What structural or dynamical 
changes do the neurotoxins make to the targeted ion channels? To address these questions 
clearly, it is required to characterize the neurotoxin-membrane-ion channel systems at the 
molecular level using various techniques such as fluorescence spectroscopy and NMR. In 
the work presented in Chapter 7, the author will describe solid-state NMR studies of the 
interactions between model membranes and several neurotoxins isolated from G. rosea 
venom. 
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CHAPTER 2 
Amino Acid Analysis of Spider Dragline Silk Using 1H NMR 
Introduction 
Spider silk is known for its outstanding mechanical properties. Previous studies 
have shown that major ampullate spider silk, commonly called dragline silk, is three 
times tougher than Kevlar [1-4]. There has been considerable focus placed on 
understanding the source of spider silk’s unique mechanical properties by investigating 
the silk protein composition [5-10], molecular structure [11-23], and dynamics [24, 25]. 
In addition, considerable effort is being aimed at achieving the mass production of spider 
silk proteins for various applications [26-28]. Spider silk is composed of two proteins—
major ampullate spidroin 1 (MaSp1) and major ampullate spidroin 2 (MaSp2) [1]. Both 
MaSp1 and MaSp2 have primary amino acid sequences that are highly repetitive. Two of 
the repetitive motifs, poly(Ala) and poly(Gly-Ala), are known to form ordered β-sheet 
nanostructures that are responsible for the silk’s strength [15-17, 22, 29]. Another two 
common repetitive motifs, GGX in MaSp1 and GPGXX in MaSp2, form disordered 31-
helical and type II β-turn structures, respectively. These motifs are believed to be 
responsible for the extensibility of spider silk [15, 19, 29, 30]. 
The amino acid composition of spider silk and its correlation to mechanical 
properties have been investigated since the 1970s [5-10]. It was determined by standard 
chromatography-based amino acid analysis (AAA) that the major components of dragline 
silk were Gly, Ala, Glx, Tyr, and Ser [5-10]. Although these studies do not directly 
provide information about secondary structure and amino acid sequence, they are very 
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useful for verifying amino acid sequencing results and assisting in structural 
investigations. Amino acid composition is responsible for protein properties such as 
hydrophobicity and chemical reactivity. These in turn can provide information to explore 
protein structure. For example, proline is found only in the MaSp2 protein in spider silk 
fiber and is located primarily in the repetitive motif GPGXX [31]. The GPGXX motif has 
been shown to form a type II β-turn structure and is hypothesized to be responsible for 
the extensibility of spider dragline silk [11]. Additionally, it is believed that spider 
dragline silk’s supercontraction phenomenon mainly results from rearrangement of the 
GPGXX motif [31]. This argument is further supported by the fact that supercontraction 
varies widely among species and correlates with Pro content [32]. Thus, accurate silk 
amino acid composition analysis can assist in exploring the supercontraction mechanism. 
Previous AAA studies of spider silk fiber demonstrated significant variation in 
amino acid composition for silk collected from the same spider [5-10]. Work and Young 
[5] reported that spider dragline silk is not uniform, even for two samples collected from 
a single silking, illustrating a variability of the ratio between the two proteins. It is of 
considerable interest to understand this amino acid compositional heterogeneity as it can 
provide useful information for revealing the intermolecular interaction between the two 
proteins and the corresponding impact on mechanical properties. Thus, it is critical to 
determine the amino acid composition for spider silk accurately. Most of the reported 
amino acid compositional analyses for spider silk were conducted using AAA [5-10]. 
Standard AAA uses liquid chromatography for separation and amino acid derivatization 
for spectroscopic detection [33, 34]. The derivatization makes it possible to detect 
samples of small quantities, allowing composition determination for 1 cm or less of  
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spider silk fiber (which is only 1–5 µm in diameter). However, it has been well 
documented that this general AAA approach has fairly poor repeatability and 
reproducibility, which leads to large associated errors [33] and [34]. This is compounded 
in the case of spider silk, because many AAA studies have been reported without detailed 
error analysis [5-10]. The 1H nuclear magnetic resonance (1H NMR) technique is an 
alternative to amino acid compositional analysis. In this paper, we report a complete 
characterization of amino acid composition for Nephila clavipes dragline silk using acid 
hydrolysis and 1H NMR spectroscopy. The results are discussed and compared with those 
obtained from standard AAA. Although it requires larger sample size and more 
sophisticated data analysis compared with AAA, 1H NMR does not require any 
separation method and is shown to be capable of providing more precise spider silk 
amino acid composition. This approach can also be applied to determine the amino acid 
composition of other biosystems for which accurate compositional information is critical. 
Materials and Methods 
Spider Silk Preparation 
Dragline silk (major ampullate silk) was collected from adult N. clavipes spiders 
at a rate of 2 cm/s for 1–2 h every other day using the same method described by Work 
and Emerson [35]. The silking process was carefully monitored under a dissection 
microscope to avoid contamination from minor ampullate silk. Each spider was fed a 
cricket once a week. 
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Acid Hydrolysis 
N. clavipes dragline silk collected from several spiders was mixed as much as 
possible to eliminate the differences in silk from various individuals. Silk samples (10 mg 
each) were hydrolyzed for 1, 2, 3, 6 days and 2 weeks. The silk was hydrolyzed in 6 M 
HCl (2.5 ml HCl/1 mg silk) in a glass tube at 108 °C in a furnace (Ney Vulcan 3-550) 
[36, 37]. The glass tube was evacuated and flame-sealed to reduce oxidative degradation 
of spider silk. Following the hydrolysis process, water and HCl were removed using 
rotary evaporation. Then the sample was dissolved in 2.5 ml D2O (Cambridge Isotopes, 
Andover, MA, USA) and the supernatant was transferred to a 5-mm NMR tube for NMR 
analysis. Eight individual silk samples produced by different spiders (each about 1 mg 
and collected from a single silking) were hydrolyzed for 3 days using the same method 
and reconstituted in 700 µl D2O for 1H NMR analysis. 
Preparation of Standard Amino Acid Solutions 
Two standard D2O solutions of amino acid mixtures were prepared by dissolving 
amino acids (purchased from Sigma–Aldrich, purity ⩾98%, use as received) in D2O 
(Cambridge Isotopes). One solution consisted of 256.3 mmol/L L-Ala, 750.5 mmol/L L-
Gly, 12.9 mmol/L L-Gln, and 4.7 mmol/L L-Pro. The other had a composition similar to 
that of spider dragline silk and was composed of 41.7 mmol/L L-Gly, 28.5 mmol/L L-
Ala, 8.6 mmol/L L-Gln, 3.9 mmol/L L-Leu, 1.4 mmol/L L-Tyr, 2.1 mmol/L L-Arg, 
1.1 mmol/L L-Asp, 0.47 mmol/L L-Thr, 3.5 mmol/L L-Ser, 2.6 mmol/L L-Pro, 
0.97 mmol/L L-Pro, 0.34 mmol/L L-Phe, and 0.28 mmol/L L-Ile. The second solution 
had a mass concentration close to that of the 6-day-hydrolyzed silk solution used in the 
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current study. The above-listed amino acid molar concentrations for the two solutions 
were calculated based on the amounts of raw materials. Because the amino acid purity 
was not 100% and errors were introduced in the sample preparation, the given molar 
concentrations are probably associated with errors. Amino acid composition for the two 
standard solutions was used to evaluate the precision of the 1H NMR spectroscopic 
approach and data analysis. 
1H NMR Spectroscopy 
All liquid-state NMR experiments were conducted at 298 K. One-dimensional 
(1D) 1H, two-dimensional (2D) 1H–1H gradient correlation spectroscopy (gCOSY), 1H–
1H total correlation spectroscopy (TOCSY), and 1H–1H nuclear Overhauser effect 
spectroscopy (NOESY) NMR experiments were performed on hydrolyzed silk samples. 
Data were collected on an Agilent VNMRS 800-MHz NMR spectrometer equipped with 
a 1H/13C/15N 5-mm XYZ PFG triple-resonance probe. The experimental conditions for 1H 
experiments were 12886.6-Hz sweep width, 2.049-s acquisition time, 8 scans, and a 
recycle delay of 20 s. The 20-s recycle delay was chosen to ensure that all 1H spins were 
fully relaxed. 1H–1H gCOSY and 1H–1H TOCSY data were collected with 8012.8-Hz 
sweep width, 128-ms acquisition time, 512 points in the indirect dimension and 32 scans 
per increment, a recycle delay of 1 s, and 1.5 s for water presaturation time. An 80-ms 
spinlock mixing time was used in the TOCSY experiment. The experimental parameters 
for NOESY experiments were 8012.8-Hz sweep width, 256-ms acquisition time, 512 
points in the indirect dimension and 32 scans per increment, a recycle delay of 1 s, and 
1.5 s for water presaturation time. Two NOESY experiments with different mixing times, 
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250 and 700 ms, were collected. The data were processed using Vnmrj3.2 (beta version). 
A 0.2-Hz Lorentzian apodization and zero filling up to four times the original data size 
were applied to 1D 1H NMR data. For 2D spectra, linear prediction was employed to 
double the data size in the indirect dimension with zero filling to increase the data size to 
two or four times the original data in both dimensions. Sine-bell apodization was applied 
in both dimensions during processing of gCOSY data. For TOCSY and NOESY data, 
combined cosine-bell and Gaussian apodization was employed in the indirect dimension 
and Gaussian apodization was used in the direct dimension, respectively. 
To compare 1H signals between silks hydrolyzed for different times, 1H NMR 
spectra were collected with an internal standard added to the samples. A capillary tube 
filled with 1 mol/L 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) D2O solution was 
inserted into the hydrolyzed silk sample 5-mm NMR tube. The same capillary tube 
containing DSS solution was used for all hydrolyzed silk samples. 1H resonances in the 
various spectra were compared indirectly by normalizing the peak integrals with respect 
to the DSS peak located at 0 ppm. 1H NMR experiments were collected on two amino 
acid standard solutions with the same parameters as those applied to the hydrolyzed silk 
samples. 
Amino Acid Analysis 
The hydrolyzed silk samples were derivatized with a Waters AccQ-Fluor reagents 
kit. Each sample (0.2 mg; weight of original nonhydrolyzed silk) was mixed with 80 µl 
Waters borate buffer and 20 µl AccQ Tag. The derivatized samples were analyzed at the 
University of Wyoming. A Waters Acquity UPLC system was used with the method 
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supplied by Waters for amino acid analysis. For each sample, 1 µl was injected and a 
total of two runs were made. 
Results and Discussion 
1H NMR Resonance Assignment 
 
The amino acid composition of hydrolyzed spider silk fiber can be determined by 
quantifying the resonances in a 1H NMR spectrum. To achieve this, the first step is fully 
assigning the 1H spectrum of hydrolyzed silk. The severe peak overlap makes it 
impossible to obtain a complete 1H resonance assignment based solely on chemical shifts. 
Two-dimensional 1H–1H gCOSY, TOCSY and NOESY NMR experiments were 
Figure 2.1. 1H-1H gCOSY NMR spectrum of N. clavipes dragline silk hydrolyzed in 6 M HCl 
for 6 days at 108 °C. Colored solid lines connect the observed correlations for each amino 
acid.  The three-letter name for each amino acid is shown nearby the corresponding COSY 
pattern and highlighted using the same color as the connection lines. The 1H projections are 
displayed for better visualization of the resonance assignments.  
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performed to establish a complete 1H resonance assignment for hydrolyzed spider silk. It 
should be noted that glutamine and asparagine are converted to glutamic acid and aspartic 
acid during acid hydrolysis. Thus, it is impossible to distinguish glutamine and 
asparagine from their acid forms. In this paper, Glx and Asx are used to represent the two 
amino acids and their acid forms concurrently. In the gCOSY spectrum, the proton 
correlation signals are assigned to each amino acid as presented in Figure 2.1. Complete 
COSY patterns are observed for Ala, Gly, Glx, Leu, Pro, Ser, Arg, Thr, and Val. The 
spectrum also shows COSY signals for aromatic protons of Tyr and Phe. The 1Hβ and 
1Hα peaks for Tyr, Phe, and Asx have similar chemical shifts and cannot be assigned 
from the COSY spectrum alone. The assignments for these protons are based on the 
expected peak intensity ratios of Tyr and Phe aromatic protons and the information 
provided by the NOESY spectrum. Correlations between Tyr aromatic and methylene 
protons are observed in NOESY data (Figures 2.S1 and 2.S2) and are used to determine 
Tyr 1Hβ chemical shifts. Similar NOESY signals are not observed for Phe because of its 
low content in N. clavipes dragline silk. The Phe 1Hβ and 1Hα assignments are 
determined from the COSY correlations and peak intensity comparisons with aromatic 
protons. Consequently, the assignment of Tyr and Phe resonances allows the remaining 
1Hβ and 1Hα peaks within the corresponding regions to be assigned to Asx. In addition, 
only a partial COSY pattern is observed for Ile, probably because of low Ile content and 
1H peak overlap. TOCSY data provide further verification for the resonance assignments 
obtained from gCOSY spectrum. In Figure 2.2, the TOCSY patterns are highlighted for 
amino acids possessing peak correlations different from those shown in the gCOSY 
spectrum. Specifically, the existence of Ile is verified with the 1H–1H TOCSY spectrum. 
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With these 2D homonuclear NMR spectra, it is possible to assign >99% of the resonances 
in the 1H spectrum. The complete 1H spectral assignment is presented in Figure 2.3. 
 
N. clavipes dragline silk amino acid composition was determined using 1H peak 
integration. As shown in Figure 2.3, many regions of the 1H spectrum are subject to 
severe peak overlap. For most amino acids, the nonoverlapping 1H peaks are used for 
quantification to minimize errors. These resonances include Ala Hβ, Gly Hα, Glx Hγ, Ser 
Hα, Pro Hδ, Thr Hγ2, Arg Hβ and Hγ, Tyr Hδ and Hε, and Phe Hς, Hε, and Hδ. Because 
of the lack of a nonoverlapping resonance, Val, Leu, and Ile peak integrals are extracted 
from deconvoluting the overlap region where Val Hγ, Leu Hδ, and Ile Hγ1 and Hδ peaks 
are located (Figure 2.S3). Further, Asx content was determined by integrating its Hβ peak 
instead of Hα to avoid large errors introduced by the HOD solvent peak. The Asx Hβ 
Figure 2.2. 1H-1H TOCSY NMR spectrum of N. clavipes dragline silk hydrolyzed in 6 M HCl 
for 6 days at 108 °C. TOCSY signal correlations are shown for amino acids which have 
TOCSY patterns different from those of the COSY NMR spectrum. The contour lines 
representing TOCSY correlations for each amino acid and are highlighted with a specific 
color and connected with a solid line.  The three-letter name for each amino acid is shown 
nearby the corresponding TOCSY pattern and highlighted using the same color as the contour 
lines. The 1H projections are displayed for better visualization of the resonance assignments.  
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peak area was determined by subtracting the Tyr Hβ integral from the overlapping 
resonances. 
 
Amino Acid Composition 
The amino acid composition of N. clavipes dragline silk was calculated for each 
sample using the 1H peak integrals as described above. However, before we could report 
the amino acid composition, corrections were required to compensate for incomplete 
amino acid hydrolysis and/or degradation [38, 39]. 1H resonance signals for all amino 
acids were compared between four silk samples hydrolyzed with different times and 
Figure 2.3. 1H NMR spectrum of N. clavipes dragline silk fibers (10 mg) hydrolyzed in 6 M 
HCl for 6 days at 108 °C. The (A) full 1H NMR spectrum is shown along with expanded plots 
of the (B) aromatic region, (C) backbone region and (D) side chain region of the 1H spectrum. 
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listed in Table 2.1. The comparisons were made using 1H NMR data collected for 
samples having an internal standard added (1 mol/L DSS D2O solution contained in a 
capillary tube). Compared with the 0 ppm DSS signal, the Gly 1H signal was normalized 
such that its integral (per proton) equaled 100.00 for silk hydrolyzed for 1 day. For the 
other amino acids, the normalized 1H integrals were determined by comparing with the 
Gly 1H integral in the spectrum collected without the internal standard. The normalized 
Gly and Ala 1H NMR signal integrals for silk hydrolyzed for 1, 2, 3, and 6 days show that 
longer hydrolysis times lead to more release for these two amino acids. The 1H integrals 
of silk hydrolyzed for 6 days increased 13% for Gly and 12% for Ala (Table 2.1). This 
suggests that hydrolysis of spider silk requires long periods of time to have the two major 
amino acids, Gly and Ala, completely liberated as free amino acids in solution. This is 
probably because much of the Gly and Ala in spider dragline silk are present within rigid 
nanocrystalline β-sheet domains that are resistant to solvent penetration [15-17, 22, 29]. 
Also shown in Table 2.1 is the degradation of Ser, which undergoes the greatest loss with 
long acid hydrolysis periods as reported previously for other proteins [40]. Pro also 
exhibits significant degradation. So, there is a clear compromise that has to be made 
between incomplete hydrolysis and degradation. While most amino acids show an 
increased content during the course of a hydrolysis period of 6 days [41], the 1H spectrum 
of N. clavipes dragline silk hydrolyzed for 2 weeks indicates some amino acids undergo 
severe degradation. For example, Ser and Tyr were subject to 85 and 100% loss, 
respectively. The data set for samples hydrolyzed for 2 weeks was not compared with the 
other four because of severe peak overlaps caused by the presence of degradation 
products. Overall, Ser and Pro were subject to more degradation than liberation when the 
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hydrolysis time exceeded 2 days. In contrast, the rest of the amino acids probably have a 
relatively much higher hydrolysis rate compared with their degradation rate. This must be 
accounted for when accurately determining the amino acid composition for spider silk. In 
previous studies, several methods were employed to correct amino acid losses for 
acceptable accuracy [42-44]. The model presented by Robel and Crane [45] was recently 
applied to determine chemical composition for a few proteins [38, 40]. In this model, an 
amino acid undergoes considerable degradation during hydrolysis, if the hydrolysis rate is 
relatively large compared with the degradation rate, and the amino acid hydrolysis yield 
can be expressed as an exponential decay function of time with decay rate as degradation 
rate. Most amino acids met the restriction that the degradation rate must be much smaller 
than the hydrolysis rate, except Val, Ile, Met, and Arg [38, 40]. Data points used for 
fitting the exponential function should be collected at a time near or after complete 
hydrolysis, especially when only a few data points are available. The decreasing trends of 
1H integrated signal indicate that Ser and Pro probably were close to or had reached 
complete release within the 2-day hydrolysis. Accurate Ser and Pro contents can be 
estimated by fitting the data to an exponential function and extrapolating to time 0. The 
1H integrals used for this estimation should be for those samples hydrolyzed for 2, 3, and 
6 days. In addition, the 6-day hydrolysis data provide the correct content information for 
the remaining amino acids. This assumption is considered reasonable because: (1) it has 
been shown that amino acids achieve the highest hydrolysis yield within a week, as 
illustrated by recent studies of a few proteins [38, 40], and (2) most amino acids have 
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very low loss during hydrolysis [38, 40, 42-45]. The final amino acid composition was 
calculated using the corrected 1H integrals for Ser and Pro, and 1H integrals for other 
amino acids were determined from the data of silk subjected to a 6-day hydrolysis period. 
Overall, 13 amino acids were detected in hydrolyzed N. clavipes dragline silk proteins 
and the contents were 43.0 ± 0.6% Gly, 29.3 ± 0.2% Ala, 9.1 ± 0.1% Glx, 4.0 ± 0.1% 
Leu, 3.3 ± 0.1% Tyr, 3.4 ± 0.2% Ser, 2.7 ± 0.1% Pro, 2.1 ± 0.1% Arg, 1.07 ± 0.05% Asx, 
0.96 ± 0.05% Val, 0.48 ± 0.03% Thr, 0.35 ± 0.03% Phe, and 0.28 ± 0.03% Ile. 
 
Comparison of NMR Analysis and AAA 
Spider dragline silk composition has been primarily investigated using separation-
based AAA methods [5-10]. These previous studies of N. clavipes spider dragline silk 
Figure 2.4. Gly:Ala molar ratio for N. clavipes dragline silk fibers determined by (!) 1H 
NMR  and (") AAA. The eight spider dragline silk samples (~ 1 mg ea.) were produced from 
different spiders having the same diet and living environment. Each spider dragline silk 
sample was collected from a single forcible silking. The same solution used for NMR analysis 
was diluted 50 folds and analyzed by AAA. The NMR results were calculated with 1H NMR 
peak integrals. The grey box shows the region of the NMR results. 
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found similar amino acid compositions that had large variabilities. For example, N. 
clavipes dragline silk components were reported by Work and Young [5] as Gly 41.56–
52.40%, Ala 20.16–36.63%, Glx 6.20–12.45%, Leu 1.50–4.80%, Tyr 2.05–3.52%, Ser 
0.62–2.92%, and Pro 0–4.16%. This was explained as the result of natural inhomogeneity 
of spider silk [5]. In those reports, the Gly/Ala ratio had large variations, 1.14–2.53, even 
for the silk collected from the same spider. In contrast with these reported data, the 
present NMR analysis demonstrates that Gly/Ala follow a much smaller range. Figure 2.4 
displays Gly/Ala ratios of eight silk samples analyzed by NMR and AAA. These silk 
samples were produced by different spiders at different times over a 3-month period and 
each was collected from a single silking. NMR analysis shows that the Gly/Ala ratios 
range from 1.50 to 1.58. Instead, the AAA provides a much larger variation for the ratio: 
1.56–2.12. Thus, it is likely that the previously reported large Gly/Ala variation was 
caused by the inherent errors of the AAA technique. It has been recently revealed by a 
series of systematic studies that AAA analysis is associated with large errors [34, 46]. For 
example, in the latest study led by the Association of Biomolecular Resource Facilities 
amino acid analysis research group, average errors of 8.8 to 11.7% were observed in 
determining the composition for four proteins performed by 28 laboratories across the 
United States [46]. Although AAA is widely used in protein composition characterization 
for its simple, inexpensive analysis procedure and small sample size requirement, it is 
still quite challenging to obtain precise results because of separation inefficiency, 
derivative instability, and lack of appropriate standards. In contrast, Figure 2.4 indicates 
that NMR provides more precise analysis of protein composition, as it does not require 
any derivatization and separation for the amino acids. To further support this conclusion, 
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composition analysis using 1H NMR was performed on two amino acid mixtures 
prepared in the laboratory—one containing four amino acids and the other having a 
composition similar to spider dragline silk protein. For each sample, six independent 1H 
NMR experiments were conducted with a 5- to 10-h interval between every two. The 
amino acid compositions were determined using the same approach as that applied to 
hydrolyzed silk protein and the results of each experiment are shown in Tables 2.S1 and 
2.S2. To evaluate the precision of the analysis, the results are listed in Table 2.2 with 
associated standard deviations. The small standard deviation for the content of each 
amino acid indicates that NMR analysis provides greater precision for characterizing 
protein composition. 
 
Figure 2.5. Amino acid molar ratios for N. clavipes dragline silk fibers determined by 1H 
NMR. The displayed data are ratios for Gly/Ala (#), Gly/Glx (!), Gly/Leu (!), Gly/Tyr ("), 
Gly/Pro (!) and Gly/Val (#). The eight silk samples (~ 1 mg ea.) were produced from 
different spiders having same diet and living environment. Each silk sample was collected 
from a single forcible silking. The rations were calculated using 1H NMR peak integrals. The 
grey box shows the region of the Gly/Pro ratios. 
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Heterogeneity of Spider Silk 
Spider silk composition was shown to be heterogeneous and influenced by diet 
and environment in previous AAA studies [5-10]. The heterogeneity investigation can 
provide significant information for silk protein intermolecular interaction and the 
corresponding correlation with mechanical properties [32]. As NMR has shown to be a 
precise technique for elucidating protein composition in this work, it is necessary to 
reconsider silk heterogeneity using NMR for amino acid analysis in an effort to seek 
more accuracy and precision. To further explore spider silk heterogeneity, 1H NMR 
analysis was performed for eight hydrolyzed silk samples produced by different spiders 
having the same diet and living environment. Each silk sample was collected from a 
single silking. The molar ratios between several amino acids are displayed in Figure 2.5. 
For the eight samples, small variations are observed for the molar ratios between major 
amino acids: Gly/Ala, Gly/Glx, Gly/Tyr, and Gly/Leu. In contrast, the Gly/Pro molar 
ratio has a much larger variation among those samples. One would argue that the 
difference is derived from analysis errors caused by the low content of Pro. However, this 
possibility is excluded by the much smaller variation in Gly/Val and smaller abundance 
of Val in spider silk. It suggests that the Pro content varies considerably among spider 
silk samples. Because of the lack of complete sequence information, no quantification 
can be made for the ratio between MaSp1 and MaSp2. Despite this, it still can be 
concluded that the ratio between the two proteins in dragline silk varies significantly, as 
Pro is unique to MaSp2. This ratio is essential since it probably correlates with 
intermolecular interactions and silk mechanical properties. Pro content can potentially be 
used as a marker for the MaSp2 content in numerous species of spider dragline silks and 
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our 1H NMR AAA technique has the precision necessary for determining Pro contents in 
spider silk. It should be pointed out that NMR requires a much larger sample size because 
of its low sensitivity compared with standard separation and derivatization-based AAA 
techniques. Hence, it could not be used to probe heterogeneity with spider silk fibers on a 
small (micrometer to centimeter) length scale. 
Conclusions 
We have presented a complete amino acid compositional analysis for N. clavipes 
dragline silk using acid hydrolysis methodology and 1H NMR spectroscopy. NMR is 
demonstrated to provide more precise quantitative amino acid composition analysis than 
standard chromatography-based amino acid analysis. It provides important primary 
information for investigating molecular structure and dynamics of spider silk. 
Specifically, NMR analysis reveals that Pro contents can vary greatly among spider 
dragline silks, which illustrates the heterogeneity of silk proteins in the fiber. It can be 
used as a probe for MaSp2 content in spider silk to assist in exploring molecular structure 
and protein–protein interactions. Although the NMR technique provides more precise 
amino acid composition analysis, it can be used only on proteins that are available in 
large quantities (microgram to milligram quantities). 
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Figure 2.S1. 1H-1H NOESY spectrum collected with 250 ms mixing time for N. clavipes 
dragline silk hydrolyzed in 6 M HCl for 6 days at 108 °C. Positive and negative signals are 
shown in black and red respectively. The correlations between Tyr Hβ and Hδ are observed 
and shown in the spectrum.  The majority of the remaining cross-peaks are zero-quantum 
peaks, which are in dispersion in both dimensions.  
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Figure 2.S2. 1H-1H NOESY spectrum collected with 700 ms mixing time for N. clavipes 
dragline silk hydrolyzed in 6 M HCl for 6 days at 108 °C. Positive and negative signals are 
shown in black and red respectively. All NOE correlations are assigned and shown in the 
spectrum.  
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Figure 2.S3. 1H NMR peak deconvolution for Val Hγ, Leu Hδ, Ile Hγ2 and Hδ overlapping 
region. The deconvolution process was conducted using DMFit package. The 1H NMR 
experiment was performed on N. clavipes dragline silk fiber hydrolyzed for 6 days. Val Hγ, 
Leu Hδ, Ile Hγ2 and Hδ peaks were extracted from the deconvolution (three spectra shown at 
the bottom). The 1H peak position and linewidth for these resonances are well defined in 
current high-resolution 1H spectrum. The good performance of the deconvolution is shown by 
the agreement between experimental data and sum of the extracted spectra.  
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Error Analysis 
1. The errors of the determined amino acid contents for hydrolyzed silk sample 
are estimated by error propagation. The propagation is implemented as follows: 
The hydrolyzed silk sample contains 13 amino acids and the contents are 
calculated using the 1H resonance integrals for all amino acids (listed in Table 2.1). Here, 
the 1H resonance integral (per proton) of the ith amino acid is represented as xi±Δxi (i=1-
13), while the integral error, Δxi, is determined by integration of the baseline nearby the 
considered 1H resonance. 
Thus, the content for the ith amino acid is:  
 
For the ith amino acid, the propagated error (Δ(percentagei)) follows:   
 
This gives the expression for content of the ith amino acid:
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2. The error bars shown in Figures 2.4 and 2.5 represent the propagated errors 
determined as follows: 
Suppose that the two considered amino acids have 1H resonance integrals (per 
proton) of x±Δx and y±Δy respectively. Similarly, the integral errors, Δx and Δy, are 
determined by integration of the baseline nearby the considered 1H resonances. The 
molar ratio between the two amino acids is 
€ 
x
y . The associate error of this ratio is as 
follows: .      
Amino acid composition determined by 1H NMR for standard samples 
1H NMR analysis was implemented to characterize amino acid composition for 
two standard samples to evaluate the precision of the analysis. The standard samples were 
D2O amino acid mixture solutions prepared in the laboratory by dissolving amino acids 
(purchased from Sigma-Aldrich, purity ≥ 98%, use as received) into D2O (Cambridge 
Isotopes, Andover, MA).  One solution consists of L-Ala, L-Gly, L-Gln and L-Pro. The 
other one has similar composition as spider dragline silk and is composed of L-Gly, L-
Ala, L-Gln, L-Leu, L-Tyr, L-Arg, L-Asp, L-Thr, L-Ser, L-Pro, L-Val, L-Phe and L-Ile. 
Six independent 1H NMR experiments were conducted for each standard solution with 5-
10 hours duration between two. The 1H spectrum has a narrower HOD peak, which was 
subtract from the data by deconvolution in TOPSPIN 2.1 to minimizing signal integration 
error. The 1H resonances used for integration includes Gly Hα, Ala Hβ, Glu Hγ and Hβ, 
Leu Hδ, Tyr Hδ and Hε, Ser Hα, Pro Hα, Thr Hβ, Arg Hδ, Asn Hβ, Val Hγ, Phe Hδ, Hε 
€ 
Δ( xy ) = (
Δx
y )
2 + (Δy × xy 2 )
2
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and Hζ, and Ile Hγ2. Amino acid composition for each solution was calculated using 
these 1H peak integrals and presented in Tables 2.S1 and 2.S2 
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CHAPTER 3 
 Probing Site-Specific 13C/15N-Isotope Enrichment of Spider Silk with Liquid-State NMR 
Spectroscopy 
Introduction 
 Spider dragline silk from orb-weaving spiders, such as N. clavipes, is well known 
for its unique combination of strength and extensibility [1-3]. Among the seven kinds of 
silk produced by common orb-weaving spiders, major ampullate silk (commonly called 
dragline silk) is the most studied because of its outstanding toughness. Early studies 
indicated dragline silk is three times as tough as Kevlar [2-5]. The mechanical properties 
of dragline silk have attracted scientists’ interest in investigating its composition [6-12], 
molecular structure [13-36] and mass-production of silk fiber for industrial applications 
[4,37,38]. The main components of dragline orb-weaving spider silks are two proteins: 
major ampullate spidroin 1 (MaSp1) and major ampullate spidroin 2 (MaSp2) [6,39]. The 
mechanical properties of dragline silk are thought to originate from the unique secondary, 
tertiary and quaternary structure of these proteins. Two repetitive motifs, poly(Ala) and 
poly(Gly-Ala), present in the two proteins, form ordered β-sheet structures that are 
believed to be the main source of the silk’s strength [1,17,19,21,28,35]. The motifs GGX 
in MaSp1 and GPGXX in MaSp2 form disordered 31-helical and type Ⅱ β-turn structures 
respectively, and are believed to be responsible for the extensibility of spider silk 
[1,13,17,21,28,33-35]. 
Isotope labeling is widely applied for nuclear magnetic resonance (NMR) studies of 
proteins and biomaterials. The demand for isotope labeling is due to the insensitivity of 
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NMR and the low isotope natural abundance. For example, a significant portion of 
remarkable molecular structure and dynamic information was determined by NMR on 
13C and 15N labeled silk [13-22,24,26-28,32,34,35]. For these studies, knowing the site-
specific isotope information is critical for designing experiments and interpreting results 
correctly. Selective isotope labeling is required in many cases, where advanced NMR 
pulse sequences are applied to obtain particular information. For example, [1-13C]-
Ala/Gly were used to label N. edulis silk [28] and S. cynthia ricini silk [27], aiming to 
selectively enrich 13C at carbonyl sites of the corresponding amino acids. The purposes of 
these labeling strategies were producing silks for double-quantum single-quantum 
correlation (DOQSY) NMR and direction exchange with correlation for orientation-
distribution evaluation and reconstruction (DECODER) NMR [27,28,34]. Those 
experiments exacted the local backbone torsion angles and peptide chain orientation with 
respect to the silk fiber axis in an amino-acid-specific manner [27,28]. Valid structure 
information can be obtained from these NMR experiments, only when the silk is 
selectively 13C labeled at carbonyl sites of the particular amino acids. In several studies, 
feeding spiders with D3-methyl-Ala [32] and D3-methyl-Leu [24] was implemented to 
achieve site-specific deuterium labeling for silk. Deuterium NMR characterization on 
these silk samples enable significant information regarding silk structure and dynamics. 
In these cases, site-specific isotope enrichment analysis for the material is required to 
approve selectively labeling and to ensure the accuracy of the experiments.  
 Isotope labeling is also a common methodology in many fields such as 
metabolomics [40-42], pharmaceuticals [43], food safety [44] and environmental 
chemistry [45]. For example, the isotope D/H ratio has been used to identify economic 
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fraud in the wine market to avoid adulterations [46]. Typically, this approach requires 
isotope-ratio analysis for the labeled proteins and materials to support further studies for 
the materials of interest. NMR, isotope-ratio mass spectroscopy (IRMS), liquid 
chromatography-mass spectroscopy (LC-MS) and gas chromatography-mass 
spectroscopy (GC-MS) techniques are commonly used for this type of analysis [47-61]. 
IRMS is a suitable tool to determine low abundance isotope content [47,55,56,61]. 
Compared with IRMS, LC-MS does not require volatile derivatives and highly purified 
target compounds, thus, it has an easier derivatization procedure [51-53]. LC-MS was 
recently applied to determine the isotope enrichment in a few systems such as fatty acyl-
carnitines [52] and silk fibroins [53]. Amino acid isotope enrichment of silk fibroins from 
the spider N. edulis and silkworm S. cynthia ricini was determined by Hess and 
coworkers using liquid chromatography-electrospray ionization-mass spectroscopy  (LC-
ESI-MS) [53]. In the latter study, the isotope labeled silk was subjected to a particular 
derivatization process following hydrolysis. This avoids the high labor and time cost in 
generating volatile derivatives required in IRMS and GC-MS [51-53]. Using electrospray 
ionization (ESI) leads to fewer ionized fragments, enhancing precision and species 
specificity for this method [54]. With this technique, the 13C and 15N enrichment was 
determined for [1-13C]-Ala/Gly and [15N]-Ala/Gly labeled silk fibroins [53]. Instead of 
site-specific isotope enrichment, only total number of labeling sites was determined for 
amino acids in [U-13C3,15N]-Ala/Gly labeled silk. LC-ESI-MS is basically the addition of 
electrospray MS to a standard amino acid analysis (AAA) technique. The large 
compound errors associated with chromatography separation, derivatization and detection 
are also associated with this method. One drawback of IRMS, LC-MS and GC-MS is that 
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site-specific isotope ratio is inaccessible by these techniques for many systems because 
no appropriate derivatization is available [46-50]. 
Compared with IRMS, LC-MS and GC-MS techniques, NMR determination of 
the site-specific isotope enrichment does not require any derivatization and separation 
prior to analysis. Quantitative 13C NMR is increasingly being used to determinate carbon 
site-specific information for small molecules such as ethanol [59] and bio-species such as 
nucleoside monophosphates [62]. A disadvantage of this method is the requirement for 
large sample sizes and long experiment times due to poor sensitivity and long carbon 
spin-lattice relaxation times. This is partially overcome by the use of quantitative 13C 
NMR with pulse sequences such as DEPT (distortionless enhancement by polarization 
transfer) and INEPT (insensitive nuclei enhanced by polarization transfer) [63] or indirect 
detection like ITOCSY (isotope-edited total correlation spectroscopy) [64]. Although 
these experiments have been successfully applied to some systems, they suffer from poor 
reproducibility and require additional calibration to compensate for rf-pulse 
imperfections for accurate quantification [64]. 1H NMR is another method to quantify 
isotope incorporation by analyzing the J-splitting peaks resulting from the 1H-13C/15N 
scalar J-coupling effects. Compared to direct 13C/15N NMR experiments, 1H NMR 
requires far less sample and experiment time.  Severe peak overlaps exist in most 1H 
NMR spectra of bio-systems, requiring sophisticated peak fitting to obtain complete site-
specific isotope information. Despite the complications, this approach is still attractive 
because of its simplicity and short experiment time. In addition, once the fitting 
methodology is developed, it can be systematically applied to a series of samples. In this 
paper, we report the complete site-specific isotope enrichment information for N. clavipes 
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dragline silk. The silk were collected from spiders having U-[13C3,15N]-Ala and [1-
13C,15N]-Gly in their water supplies. Conventional 1H NMR experiments were 
implemented and peak fitting methodology was developed to determine the contents of 
existing isotopomers (isomers with isotopic atoms of a element locating at different 
positions of the molecule).  
Materials and Methods 
Spider Silk Preparation 
Dragline silk (major ampullate silk) was collected from adult N. clavipes spiders 
at a rate of 2 cm/s for 1-2 h every other day using the same method described by Work 
and Emerson [65]. The entire silking process was monitored under a dissection 
microscope to avoid contamination from minor ampullate silk. The isotope labeled silk 
were obtained from three adult N. clavipes spiders, which were given 13C/15N enriched 
amino acid water supplies. Specifically, two of the spiders (denoted as spider 1 and spider 
2 in this article) were given 45-55 µl of a 16% (w/v) U-[13C3,15N]-Ala 
(13Cα,13Cβ,13CO,15N-Ala Cambridge Isotopes, Andover, MA) aqueous solution during 
each forcible silking process. Fifteen isotope labeled silk samples (they are noted as U-
[13C3,15N]-Ala labeled silk in this article) were obtained from each spider over one 
month. Silk was not collected from spider 1 on the 17th day and from spider 2 on the 27th 
day during isotope labeling.  A third spider was fed 30-40 µl of a 25% (w/v) [1-13C,15N]-
Gly (12Cα,13CO,15N-glycine, Cambridge Isotopes, Andover, MA) during each forcible 
silking process. Fifteen isotope labeled silk samples were obtained from this spider (they 
are noted as [1-13C,15N]-Gly labeled silk in this article). A control silk sample was 
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collected from each spider before the isotope labeling procedure (the silk samples are 
noted as natural silk). During forcible silking the three spiders were given crickets 
following isotope labeling every fourth day on average.  
Acid Hydrolysis 
Approximately 1 mg of isotope labeled N. clavipes dragline silk from each silking 
was hydrolyzed in 6 M HCl (2.5 ml HCl/1 mg silk) for 3 days at 108 °C. The silk sample 
and HCl solution was added in a glass tube. To reduce oxidative degradation of spider 
silk, the silk-HCl mixture was degassed with three freeze-pump-thaw cycles and sealed 
with an oxygen/gas flame under high vacuum [53,66]. After hydrolysis, water and HCl 
were removed using rotary evaporation. Then the sample was dissolved in D2O 
(Cambridge Isotopes, Andover, MA) and the supernatant was transferred to a 5 mm 
NMR tube for NMR analysis. It should be noted that glutamine and asparagine cannot be 
distinguished from their acid forms as thet are converted to glutamic acid and aspartic 
acid respectively during acid hydrolysis. In current article, Glx and Asx are used to 
represent the two amino acids and their acid forms concurrently. 
Liquid-State NMR Spectroscopy 
All liquid-state NMR experiments were performed at 298 K. 1H NMR data of the 
isotope labeled silk samples were collected on a Bruker AVIII 400 MHz spectrometer 
equipped with a 5mm BBFO Z-Grad Probe and a Varian Inova 400 MHz spectrometer 
fitted with a 5 mm Direct Broadband PFG probe. The 1H NMR pulse sequence is a π/4 
proton excitation pulse followed by data acquisition. Experiment parameters were: 
3955.7 Hz sweep width, 2 s acquisition time, 64 scans and a recycle delay of 20 s to 
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ensure all 1H spins fully relax. 1D 1H NMR data were processed with 0.2 Hz exponential 
line broadening and zero filling up to 65536 complex points.  
Results and Discussion 
1H Spectrum of Isotope Labeled Spider Dragline Silk 
The 1H spectra of natural and U-[13C3,15N]-Ala labeled silk hydrolyzed for three 
days are displayed in Figure 3.1. The spectra illustrate that Gly, Ala and Glx in silk 
protein are labeled by 13C and 15N. The 1H peak assignments are based on amino acid 
chemical shifts determined previously [67-70]. As shown in Figures 3.1 (C-H), the 
intensities of Gly Hα, Ala Hβ and Glx Hγ satellite transition peaks are enhanced 
significantly for the isotope labeled silk. These satellite transition peaks result from J-
couplings between the corresponding protons and directly bonded carbons. Thus, Gly 
Cα, Ala Cβ and Glx Cγ are labeled by 13C to some extent. By quantifying central and 
satellite transition peaks, it is possible to extract 13C enrichment at these sites. Further, the 
Glx Hβ central transition peak has lower intensity for the labeled silk compared with that 
of natural silk (Figures 3.1G and H). Higher peak intensities were observed for the region 
where Glx Hβ satellite transition peaks are located (marked by asterisks in Figure 3.1H).  
These indicate that 13C also enrich the Glx Cβ site for the isotope labeled silk. As Glx Hβ 
satellite transition peaks overlap severely with other 1H resonances like Pro Hβ, Val Hβ, 
Ile Hβ and Arg Hβ, it is not possible to extract the peak integrals to calculate Glx 13Cβ 
enrichment. Complicated J-splitting patterns were observed for both central and satellite 
transition peaks shown in Figures 3.1 D, F and H due to J-couplings with indirectly 
bonded 1H/13C/15N sites. Both central transition peak and satellite transition peaks possess 
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complicated J-splitting patterns resulting from the existence of multiple isotopomers. 
Sophisticated 1H spectrum fitting is required in order to obtain enrichments for all present 
isotopomers.  
 
1H Spectrum Fitting Procedure in Matlab 
  Complete and site-specific isotope enrichment determination for U-[13C3,15N]-Ala 
and [1-13C,15N]-Gly dragline silk were achieved by fitting the liquid 1H NMR with a 
procedure developed in Matlab R2010a. Although Matlab was used for fitting the NMR 
Figure 3.1. 1H NMR spectrum for (A) natural and (B) U-[13C3,15N]-Ala labeled N. clavipes 
dragline silk. Ala Hβ, Gly Hα, Glx Hγ and Hβ regions are expanded for natural silk (C, E and 
G), and for the isotope labeled silk (D, F and H). The 13C satellite transitions caused by JCH-
coupling effects are labeled in each spectrum. Silk was hydrolyzed in 6 M HCl for 3 days at 
108 °C. Both samples were from the same spider. The labeled silk was collected on the 25th 
day during the isotope labeling process. Asterisks mark the reigion where Glx Hβ satellite 
transition peaks are located. 
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spectra, essentially any software package that can do peak fitting could be used. The 
Matlab code is shown in Supplementary material. Total Ala 13Cβ, Gly 13Cα and Glx 13Cγ 
contents were calculated using the corresponding 1H central and satellite transition peak 
integrals. Complete Ala and Gly isotopomer contents were extracted by fitting the central 
and satellite transition peaks for Ala Hβ and Gly Hα. Similar analysis was unable to 
implement to obtain complete site-specific isotope enrichment information for Glx due to 
the 1H resonances possess low intensities and severe overlaps with other 1H peaks. 
During fitting Ala and Gly 1H peaks, theoretical isotopomer 1H Lorentzian line shapes 
were used as basis sets. The isotopomer line shapes were calculated using J-coupling 
constants obtained from 1H NMR spectra of site-specific 13C/15N labeled Ala and Gly 
samples. The J-coupling constants are listed as follows: 
Ala: JHβ-Cα =  4.55 Hz; JHβ-CCΟ =  4.55 Hz; JHβ-N =  3.00 Hz; JHβ-Hα = 7.35 Hz. 
Gly: JHα-CCΟ = 5.90 Hz. 
During a fitting procedure, peak position was fixed and amplitude was varied while line 
width was carefully adjusted. Since peak line width was well defined in the current high-
resolution 1H spectrum, the line width was typically varied within 10% to obtain best 
fitting. Because Ala Hβ-Cα J-coupling constant is very close to that of Hβ-CCΟ, 
12Cα,13Cβ,13CO,14,15N-Ala and 13Cα,13Cβ,12CO,14,15N-Ala have identical Hβ line shapes. 
Thus, the contents for the two isotopomers were extracted from the fittings as a whole. 
Gly N-Hα J-coupling constant is too small to be resolved with the current 1H experiment 
conditions. Hence, 15N Gly isotopomers were not extracted from the fittings. In addition, 
it is noted that 1H spectra of the hydrolyzed silk show asymmetries for Ala Hβ and Gly 
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Hα central and satellites transition peaks. This is the chemical shift difference caused by 
the isotope effect [71]. For example, as shown in Figure 3.2A, a distinct asymmetry is 
observed for Ala Hβ satellite transition peak. Due to 13C and 15N isotope effects on 1H 
chemical shift [71], 12Cα,12Cβ,12CO,14N-Ala has a different Hβ chemical shift: 0.1 ppb 
higher than those of other isotopomers. This effect was considered during fitting 
processes, where the chemical shifts of the isotopemers were slightly adjusted to match 
the experimental peak asymmetries. Overall, the coefficient of determination R2 is greater 
than 0.99 for the fittings of all 1H data, which illustrate the accuracy of the data fittings. 
An example of fitting 1H spectra for U-[13C3,15N]-Ala labeled silk is displayed in 
Figure 3.2. Fitting Ala Hβ satellites transition peak (Figure 3.2A) and central transition 
peak (Figure 3.2B) were performed to extract the contents for Ala 13Cβ-isotopomers and 
12Cβ-isotopomers, respectively. Six isotopomers’ contents were extracted for both Ala 
13Cβ-isotopomers and Ala 12Cβ-isotopomers. The final isotopomer composition was 
determined by multiplying the extracted isotopomers’ contents with the corresponding 
satellite or central transition peak percentage out of the total Hβ resonance. The results of 
the fittings indicate that all the sites of Ala were labeled by 13C/15N to some extent. 
Similarly, by fitting Gly Hα central and satellite transition peaks, four Gly isotopomers 
were extracted and their percentages were determined for this U-[13C3,15N]-Ala labeled 
silk sample (Figures 3.2C and D). Another fitting example is shown in Figure 3.3, where 
the silk sample was collected from a spider given [1-13C,15N]-Gly in its water supply. 
Comparing with that of natural silk, 1H spectrum of this isotope labeled silk does not 
show higher intensities for Ala Hβ and Gly Hα satellite transition peaks caused by 
directly bonded 13C J-coupling effects. Thus, unlike U-[13C3,15N]-Ala labeled silk, 13C 
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was not enriched at Ala Cβ and Gly Cα. Fittings for the corresponding 1H central and 
satellite transition resonances indicate the existences of four and two isotopomers for Ala 
Hβ and Gly Hα respectively.  
 
Site-specific Isotope Enrichment for U-[13C3,15N]-Ala Labeled Silk  
 Complete Ala isotopomer 1H peaks were extracted from the fittings and the 
contents are plotted in Figure 3.4 for U-[13C3,15N]-Ala labeled silk collected from two 
Figure 3.2. Fittings of Ala and Gly 1H NMR resonances for U-[13C3,15N]-Ala labeled N. 
clavipes dragline silk hydrolyzed in 6 M HCl for 3 days at 108 °C. The silk was collected on 
the 25th day during the isotope labeling process.  (A) Fitting for Ala Hβ satellite transition 
peak of lower chemical shift. (B) Fitting for Ala Hβ central transition peak. (C) Fitting for Gly 
Hα satellite transition peak of lower chemical shift. (D) Fitting for Gly Hα central transition 
peak.  
* This doublet does not belong to any amino acid. However, it is overlapped with one of Ala 
Hβ satellite transition peak and needs to be considered in order to extract Ala isotopomer 
peaks correctly.  
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spiders. Each curve in Figure 3.4 shows one isotopomer’s content over the timeline of the 
isotope labeling process. It indicates that each isotopomer’s enrichment has overall 
increasing trends, and, fluctuates around high percentages for silk collected after ten days 
of isotope labeling. For example, the fully 13C/15N-labeled Ala isotopomer is 
13Cα,13Cβ,13CO,15N-Ala. By the end of the first ten days of isotope labeling, its content 
increases to 48.3% for spider 1 and 39.7% for spider 2, respectively. Following this initial 
period, the percentages fluctuate within a narrower range. For the next most enriched 
isotopomer, 12Cα,12Cβ,12CO,15N-Ala, the enrichment reaches up to 21.4% and 19.8% for 
silk from the two spiders at the middle of the second week of labeling and keeps 
increasing at a smaller rate with narrow fluctuations. Overall, during one month labeling 
period, 13Cα,13Cβ,13CO,15N-Ala and 12Cα,12Cβ,12CO,15N-Ala percentages can reach as 
high as 56.0% and 31.8%, respectively. The percentage of non-labeled isotopomer, 
12Cα,12Cβ,12CO,14N-Ala, decreases to around 10% after ten days’ isotope labeling. Thus, 
the overall 13C/15N labeled Ala isotopomers constitute about 90%. 
 
 
Figure 3.3. Fittings of Ala and Gly 1H NMR resonances for [1-13C,15N]-Gly labeled N. 
clavipes dragline silk hydrolyzed in 6 M HCl for 3 days at 108 °C. The labeled silk was 
collected on the 19th day during the isotope labeling process. (A) Fitting for Ala Hβ central 
transition peak. (B) Fitting for Gly Hα central transition peak. 
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Figure 3.4. Percentages of Ala isotopomers in dragline silk collected from N. clavipes spiders 
having U-[13C3,15N]-Ala in their water supplies. The specific isotopomer is shown in each 
figure and all percentages were determined by fitting 1H NMR spectra of silk hydrolyzed in 6 
M HCl for 3 days at 108 °C. Silk were collected from two different spiders: spider 1(⎯) and 
spider 2(- - -).  
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Similar trends are observed for Gly isotopomers in U-[13C3, 15N]-Ala labeled silk 
(Figure 3.5). As shown in Figure 3.5, 12Cα,12CO,14,15N-Gly contents indicate that 13C 
labeled Gly shows a sharp increase during the first ten days and reaches 62.6% for spider 
1 and 34.5% for spider 2. Following this increase, it fluctuates around 40% and 45% for 
spider 1 and spider 2, respectively. 13Cα,13CO,14,15N -Gly gets enriched as high as 27.7% 
and 41.5% in silk collected from the two spiders. The enrichment of 15N of Gly could not 
be extracted by fitting its 1H peaks. This is because that N-Hα J-coupling constant is too 
Figure 3.5. Percentages of Gly isotopomers in dragline silk collected from N. clavipes spiders 
having U-[13C3,15N]-Ala in their water supplies. The isotopomers are shown in each figure and 
all percentages were determined by fitting 1H NMR data of silk hydrolyzed in 6 M HCl for 3 
days at 108 °C. Silk were collected from two different spiders: spider 1(⎯) and spider 2(- - -).  
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small to be resolved under current 1H experimental conditions. However, it is likely that 
Gly is also labeled with 15N, based on the high 15N enrichment of Ala in the silk. 
It is noted that the isotope enrichments could reach high levels of the beginning at 
the isotope labeling as shown in Figures 3.4 and 3.5. For example, the 13Cα,12CO,14,15N-
Gly contents are 60.6% and 49.4%, respectively, for U-[13C3, 15N]-Ala labeled silk 
collected from spider 1 at the 5th and 7th day during isotope labeling (Figure 3.5). Similar 
high contents are observed for 13Cα,13Cβ,13CO,15/14N-Ala for silk collected at the 3rd day 
of labeling with U-[13C3, 15N]-Ala . This is not due to a data fitting issue as shown by the 
isotope J-splitting patterns for the corresponding 1H peak (Figure 3.S2).  Thus, isotope 
enrichments of silk protein can jump to high contents at the beginning period of isotope 
labeling in some instances.  
Site-specific Isotope Enrichment for [1- 13C,15N]-Gly Labeled Silk  
   Isotopomer enrichment analysis was also performed for silk collected from a N. 
clavipes spider fed with [1-13C,15N]-Gly water solution. As shown in Figure 3.3, 1H 
spectra fitting suggests that the silk is labeled with 13CO/15N Ala and 13CO Gly. 13C is not 
enriched at the sites of Ala Cα, Ala Cβ or Gly Cα. This conclusion was verified with 
quantitative direct 13C NMR spectrum, where only 13CO resonances were observed.  The 
spectrum is displayed in Figure 3.S1. in Supplementary materials.  It indicates that the 
carbonyl group of Glx is enriched with 13C, but to a smaller extent than those of Gly and 
Ala. For example, Glx 13CO enrichment is 9% for silk sample from the 23rd day silking 
(see Supplementary materials). Due to the severe 1H peak overlaps and low signal 
intensities of Glx 1H resonances, it is impossible to extract Glx 13CO  enrichment 
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information by fitting the 1H J-splitting peaks. In addition, as described in Supplementary 
materials, the 13CO-Gly/13CO-Ala ratio for this sample calculated from current 1H peak 
fitting agrees with that obtained from the quantitative 13C spectrum. This supports the 
accuracy of the current 1H NMR fitting methodology to extract amino acid isotopomers’ 
enrichments. 
 
Ala and Gly isotopomers’ contents in [1-13C,15N]-Gly labeled silk are exacted and 
displayed in Figure 3.6. The isotopomer enrichment curves illustrate that 13C only 
enriches at one site of Ala and Gly, the carbonyl group, through the metabolism pathway 
of [1-13C,15N]-Gly. This indicates that 13CO labeling is group selective, but not amino 
acid selective. Further, comparing to U-[13C3,15N]-Ala silk labeling, 13CO labeling is 
much faster. As shown in Figures 3.6A and B, the 13CO-Ala/Gly almost reach the highest 
level at the 5th day of isotope labeling. 13CO percentage of Gly rises sharply to 64.2% 
within the first five days and fluctuates around this percentage during the following 
Figure 3.6. Percentages of Ala and Gly isotopomers in dragline silk collected from a N. 
clavipes spider having [1-13C,15N]-Gly in its water supply. The isotopomers percentages were 
determined by fitting 1H NMR data of silk hydrolyzed in 6 M HCl for 3 days at 108 °C. (A) 
Ala isotopomers’ percentages: 12Cα, 12Cβ, 12CO, 15N - Ala percentage ("); 12Cα, 12Cβ, 13CO, 
14N - Ala percentage (#); 12Cα, 12Cβ, 13CO, 15N - Ala percentage ($); 12Cα, 12Cβ, 12CO, 14N - 
Ala percentages (%). (B) 12Cα, 13CO- Gly percentage.  
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labeling period (Figure 3.6B). 12Cα,12Cβ,13CO,15N-Ala, 12Cα,12Cβ,13CO, 14N-Ala and 
12Cα,12Cβ,12CO,15N-Ala undergo similar trends and have enrichments as high as 10.9%, 
4.2% and 29.1% within the first five days, respectively. Further, the 12Cα,12Cβ,12CO,14N-
Ala plot in Figure 3.6A indicates that 13C/15N labeled Ala contents in silk reach as high as 
55% when feeding spiders [1-13C,15N]-Gly water solution. It was often thought that 
feeding spiders with 13CO labeled amino acid would have 13CO enriched in silk protein in 
an amino acid selective manner. This is shown to not be the case in the present study. For 
example, the Ala 13CO isotopomer percentage is as high as 15-20% for the [1-13C,15N]-
Gly labeled silk as shown in Figure 3.6A. This needs to be considered in NMR studies of 
silk structure and dynamics. 
In summary, site-specific isotope enrichments for isotope labeled silk were 
extracted with the currently developed methodology. The analysis indicates that labeling 
spiders with U-[13C3,15N]-Ala results in non-uniform labeling of Ala and Gly in silk. 
Feeding spiders with [1-13C,15N]-Gly has the introduced isotopes enriched at carbonyl 
and amide groups for both Ala and Gly. The complete isotopomer enrichment analysis 
provides primary isotope enrichment information for future advanced NMR experiments 
to determine molecular structure and dynamics. In addition, the methodology can be 
implemented in amino acids in vivo metabolism studies. It is a promising approach where 
tracking metabolism is of interest in fields such as nutrition, drug evaluation and bio-
molecule fate.    
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Diet Impact on Silk Spider Isotope Enrichment 
Previous studies showed that spider’s diet has an impact on silk amino acid 
composition [8-11]. This suggests that a relationship likely exist between diet and silk 
isotope enrichment. Herein, the current study verifies that spider’s diet has an effect on 
the incorporation of isotopes into silk.  To elucidate this impact clearly, 13C enrichments 
at several amino acid carbon sites are shown in Figure 3.7 for the isotope labeled silk. 
Figures 3.7A and B display 13C enrichment at Ala Cβ, Gly Cα and Glx Cγ for U-
[13C3,15N]-Ala labeled silk collected from two spiders.  The 13C enrichments at different 
sites tend to increase and decrease simultaneously. In the present study, during the silking 
process, the spiders are fed a cricket following isotope labeled amino acid water solution. 
From Figures 3.7A and B, it indicates that isotope content tends to decrease when the 
spiders were fed with crickets during the silking process. A reasonable explanation is that 
the amino acids, which exist in spider’s food, compete with the isotope labeled amino 
acids to incorporate into the silk protein. This trend seems to diminish for [1-13C,15N]-Gly 
labeled silk as shown in Figures 3.7C. As discussed in the above sections, only carbonyl 
groups were labeled by 13C and the corresponding enrichments rise sharply during the 
first three isotope labeling sessions and reach a level close to the maximum. Meanwhile, 
feeding spiders with crickets does not have a distinct impact on 13CO enrichments. 
Overall, minimizing the natural food provided to spiders is likely lead to higher isotope 
incorporation into the silk. This would assist to produce optimal sample for NMR studies, 
where experiments significantly rely on the isotope contents in silk and selectively 
labeling is required.   
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Figure 3.7. Isotope enrichment trends for isotope labeled N. clavipes dragline silk over the 
timeline of the isotope labeling process. The enrichments are determined on silk hydrolyzed in 
6 M HCl for 3 days at 108 °C. (A) Ala 13Cβ,  Gly 13Cα and Glx 13Cγ  enrichments for silk 
collected from spider 1 labeled with U-[13C3,15N]-Ala. (B) Ala 13Cβ,  Gly 13Cα and Glx 13Cγ 
enrichments for silk collected from spider 2 labeled with U-[13C3,15N]-Ala. (C) Gly 13CO 
enrichment for silk collected from spider labeled with [1-13C,15N]-Gly. All the isotope 
enrichments were calculated using the integrals of corresponding 1H central and satellite 
transition peaks. Arrows show the time when spiders were fed with crickets. During forcible 
silking, the three spiders were given crickets following isotope labeling.  
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Conclusions 
 We have presented a complete site-specific isotope enrichment analysis for N. 
clavipes dragline silk collected from spiders having U-[13C3,15N]-Ala or [1-13C,15N]-Gly 
in their water supplies. The isotope enrichments were extracted from hydrolyzed silk 1H 
NMR spectra using a fitting procedure developed in Matlab. The analysis provides 
important primary information for solid-state NMR studies to investigate molecular 
structure and dynamics of spider silk. With the assistance of such analysis, special NMR 
sequences can be developed to obtain particular information. Similar isotope analysis can 
be applied to various proteins and biopolymers, where NMR techniques are implemented 
for the investigation. Further, site-specific selective labeling of an amino acid site is 
impossible to achieve for the two cases presented here. Under this situation, isotope 
enrichment information is important for accurately analyzing NMR data and estimating 
errors caused by non-ideal selective labeling. In addition, the current methodology to 
extract site-specific isotope information can be used in numerous fields, where tracking 
isotope destination is of interest.  
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Supplementary Materials 
 
A quantitative direct 13C spectrum is shown in Figure 3.S1. The experiment was 
performed on an isotope labeled silk sample hydrolyzed for three days. Data was 
collected on an Agilent Inova 500 MHz spectrometer equipped with a 5 mm Inverse 
Direct Broadband PFG Probe. The sample was collected from the spider fed with [1-
13C,15N]-Gly at the 23rd day during isotope labeling. The experimental conditions were 
26595.744 Hz sweep width, 1.314 s acquisition time, 2840 scans, a recycle delay of 60 s 
to ensure that all 13C spins are fully relaxed, and inverse-gated 1H decoupling with a 
WALTZ-16 scheme was applied during data acquisition.  
As shown in Figure 3.S1, only carbonyl signals are observed. Thus, feeding 
spiders with 13CO labeled amino acids only have carbonyl groups enriched with 13C. Peak 
Figure 3.S1.  Quantitative 13C NMR spectrum for [1-13C,15N]-Gly labeled N. clavipes dragline 
silk hydrolyzed in 6 M HCl for 3 days at 108 °C. The carbonyl region with peak assignment is 
shown at the upper right. The Glx CO refers to the backbone carbonyl group. 
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integrals in the quantitative 13C spectrum show that the 13CO-Gly/13CO-Ala molar ratio is 
7.3 for this sample. This ratio was consistent with that obtained from fitting the 1H 
spectrum collected for this sample in the present study. The molar ratio based on fitting 
the 1H peaks is calculated as follows: 
 
Further, the observed Glx 13CO signal indicates that Glx in this silk sample was 
labeled by 13C at the backbone carbonyl site  (Figure 3.S1). Using similar calculation 
shown above, Glx 13CO enrichment is determined as follows: 
 
Thus, feeding spiders with an aqueous 1-13C,15N-Gly solution results in 13C 
enrichment at Glx carbonyl besides 13C carbonyl of Ala and Gly. Due to the severe 1H 
peak overlaps and low peak intensities of Glx resonances, it is impossible to extract site-
specific isotope enrichment information for Glx using the same methodology as applied 
to Ala and Gly in the current study. 
 
€ 
13CO −Gly
13CO −Ala =
13CO enrichment for Gly obtained from fitting 1H spectrum
13CO enrichment for Ala obtained from fitting 1H spectrum *(
Gly
Ala  molar ratio obtained from 
1H peak integrals)
=
54.77%
10.74% *1.5 = 7.6
€ 
13CO enrichment for Glx = Glx 
13CO peak integral
( Ala 
13CO peak integral
13CO enrichment for Ala obtained from fitting 1H spectrum) * (
Glx
Ala  molar ratio obtained from 
1H peak integrals)
=
21.3
78.7
10.74% × (0.34)
= 9%
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Partial 1H NMR spectra for natural and isotope labeled silk collected at the 
beginning period of the labeling process are displayed in Figure 3.S2. The difference 
between the Gly Hα peak patterns shown in Figures 3.S2A and B/C indicates that 
12Cα,13CO-Gly content is high for silk collected on the 5th and 7th day of isotope labeling. 
The peak splitting (Figures 3.S2B and C) is caused by the large enrichment of 13C at Gly 
carbonyl site in the silk protein. Using the fitting procedure shown in Figure 3.3 in the 
manuscript, 13Cα,12CO,14,15N-Gly contents are determined as 60.6% and 49.4%, 
respectively, for the labeled silk collected on the 5th and 7th day during isotope labeling. 
In addition, the spectrum displayed in Figure 3.S2E has much higher intensities for Ala 
Hβ satellite transition peaks compared with that in Figure 3.S2D indicating that the 13C 
Ala Cβ labeling is large. Further, the complicated J-splitting Ala Hβ patterns result from 
Figure 3.S2 Partial 1H NMR spectra for (A and D) natural and (B, C and E) U-[13C3,15N]-Ala 
labeled N. clavipes dragline silk hydrolyzed in 6 M HCl for 3 days at 108 °C. U-[13C3,15N]-Ala 
labeled silk were collected from spider 1 on the (E) 3rd, (B) 5th and (C) 7th  day during isotope 
labeling.  
 
	   88	  
the existence of multiple isotopomers for U-[13C3, 15N]-Ala labeled silk collected on the 
3rd day of isotope labeling.  Fitting the Ala Hβ peaks indicates that 13Cα,13Cβ,13CO,15N-
Ala and 13Cα,13Cβ,13CO,14N-Ala enrichment reached as high as 45.4% and 11.3% for this 
silk sample, respectively. Overall, Figure 3.S2 illustrates that the isotope enrichment of 
silk protein in the early stages of isotope labeling can be quite high in some cases.  
Matlab Fitting Code 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%% 
%main script file 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%% 
 
%exmaple of fitting Ala left 1Hβ satellite transition peak 
%fitting other peaks were conducted using similar code 
 
clc; clear; close all; 
 
freq = 399.6493404; %transmitter frequency (in Hertz) 
xr=1.2644; %chemical shift of the left side of the fitted peak (in 
ppm) 
xl=1.1424; %chemical shift of the right side of the fitted peak (in 
ppm) 
pts=999;  %number of data point for the fitted peak 
range = linspace(xr*freq,xl*freq,pts); % creating the range of x-
axis for  
%the fitted peak 
 
LW = 1.15; %peak line width, slightly adjusted for spectra of 
different %samples, (in Hertz) 
x0 = 1.200*freq; %chemical shift for the fitted peak (in Hertz) 
 
%list of J-couplings 
Jhh=7.35; %J(Hβ-Hα) (in Hertz) 
Jnh=3.00; %J(Hβ-N) (in Hertz) 
Jch=4.55; %J(Hβ-Cα)and J(Hβ-Cco)(in Hertz)   
 
%%%%%%%%%%%%%%%%%% 
%calculating theoretical 13Cα, 13Cβ, 13CO,15N-Ala peak pattern 
mult1 = 2; 
J1 = Jhh;  
 
mult2 = 3; 
J2 = Jch; 
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mult3 = 2; 
J3 = Jnh; 
 
spect1 = make_J(LW,x0,range,mult1,J1,mult2,J2,mult3,J3); 
%%%%%%%%%%%%%%%%%% 
 
%calculating theoretical 13Cα,13Cβ,13CO,14N-Ala peak pattern   
 
mult1 = 2; 
J1 = Jhh; 
 
mult2 = 3; 
J2 = Jch; 
 
mult3 = 1; 
J3 = 12; 
 
spect2 = make_J(LW,x0,range,mult1,J1,mult2,J2,mult3,J3); 
%%%%%%%%%%%%%%%%%% 
 
%calculating theoretical 12Cα,13Cβ,12CO,15N-Ala peak pattern 
mult1 = 2; 
J1 = Jhh; 
 
mult2 = 2; 
J2 = Jnh; 
 
mult3 = 1; 
J3 = 12; 
 
spect3 = make_J(LW,x0,range,mult1,J1,mult2,J2,mult3,J3); 
%%%%%%%%%%%%%%%%%% 
 
%calculating theoretical 13Cα,13Cβ,12CO,14N-Ala or 12Cα,13Cβ,13CO,14N-Ala 
peak %pattern 
mult1 = 2; 
J1 = Jhh; 
 
mult2 = 2; 
J2 = Jch; 
 
mult3 = 1; 
J3 = 12; 
 
spect4 = make_J(LW,x0,range,mult1,J1,mult2,J2,mult3,J3); 
%%%%%%%%%%%%%%%%%% 
 
%calculating theoretical 13Cα,13Cβ,12CO,15N-Ala or 12Cα,13Cβ,13CO,15N-Ala 
%peak pattern 
mult1 = 2; 
J1 = Jhh; 
 
mult2 = 2; 
J2 = Jch; 
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mult3 = 2; 
J3 = Jnh; 
 
spect5 = make_J(LW,x0,range,mult1,J1,mult2,J2,mult3,J3); 
%%%%%%%%%%%%%%%%%% 
 
%calculating theoretical 12Cα,13Cβ,12CO,14N-Ala peak pattern 
 
mult1 = 2; 
J1 = Jhh; 
 
mult2 = 1; 
J2 = Jch; 
 
mult3 = 1; 
J3 = 12; 
 
spect6 = make_J(LW,x0+0.2,range,mult1,J1,mult2,J2,mult3,J3); 
%the chemical shift is adjusted, the difference is cause by the 
isotope %effects. 
%%%%%%%%%%%%%%%%%% 
 
%theonine 1Hγ doublet peak 
LW = 0.9; 
x0 = 1.1668*freq; 
 
mult1 = 2; 
J1 = 6.7; 
 
spect7 = make_J(LW,x0,range,mult1,J1,mult2,J2,mult3,J3); 
%%%%%%%%%%%%%%%%%% 
 
%left doublet peak locates at 1.238 ppm and does not belong to any 
amino %acid 
 
LW = 0.8; 
x0 = 1.238*freq; 
 
mult1 = 2; 
J1 = 7.1; 
 
spect8 = make_J(LW,x0,range,mult1,J1,mult2,J2,mult3,J3); 
%%%%%%%%%%%%%%%%%% 
 
r=importdata('test.txt');%import 1H NMR experimental data 
 
%using pinv function to fit experimental data (least-square-error 
%solution) 
 
spec=[spect1'  spect2'  spect3' spect4' spect5'  spect6'  spect7'  
spect8']; 
f=pinv(spec)*r; 
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fitting=f(1)*spect1'+ f(2)*spect2'+f(3)*spect3'+f(4)*spect4'+ 
f(5)*spect5'+f(6)*spect6'+f(7)*spect7'+f(8)*spect8';  
%%%%%%%%%%%%%%%%%% 
 
%plot experimental data and fitting data 
plot(range./freq,[fitting,r]); 
hold on; 
plot(range./freq,[f(1)*spect1',f(2)*spect2',f(3)*spect3',f(4)*spect4
',f(5)*spect5',f(6)*spect6',f(7)*spect7',f(8)*spect8']); 
xlabel('Hertz'); 
set(gca,'XDir','reverse'); 
xlim([xl xr]) 
%%%%%%%%%%%%%%%%%% 
 
%calculate isotopomer contents 
f(7:8)=[];%delete the factor for the left doublet peak (locates at 
1.238 %ppm) and theonine 1Hγ peak 
percentage=f/(sum(f)); 
 
%save isotopomer contents to test_content.txt file 
save('test_content.txt', 'percentage', '-ascii');  
 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%% 
% end of main script file 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%% 
 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%% 
%’make_J’ function script file 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%% 
 
function spect3 = make_J(LW,x0,range,mult,J,mult2,J2,mult3,J3) 
% 
%  make_J calculates the complex J splitting pattern of a resonance 
%  subjected up to 3 different j couplings. 
% 
%   Usage:  output_spectrum = 
make_J(LW,x0,range,mult,J,mult2,J2,mult3,J3) 
% 
%   LW = linewidth in Hertz 
%   x0 = shift of resonance in Hertz 
%   range = spectral range in Hertz 
%   multX = splitting multiplicity (ie, 1= singlet, 2= doublet, 4= 
quartet) 
%   JX = J coupling values 
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pasc3 = pascal(mult3); 
[r3 c3] = size(pasc3); 
 
for j3 = 1:mult3 
   I_fact3(j3) = pasc3(r3-j3+1,j3);   
end 
 
spect3 = 0; 
   
    J_temp3 = (mult3-1)*(-J3/2); 
 
    for jj3=1:mult3 
         
    spect3 = spect3 + complex_J2(LW,J_temp3 + 
x0,range,mult,J,mult2,J2)*I_fact3(jj3); 
     
    J_temp3 = J_temp3 + J3; 
     
    end 
 
spect3 = -spect3./trapz(range,spect3); %normalize the theoretical 
line %shape  
 
 
function spect2 = complex_J2(LW,x0,range,mult,J,mult2,J2) 
 
pasc = pascal(mult2); 
[r c] = size(pasc); 
 
for j = 1:mult2 
   I_fact(j) = pasc(r-j+1,j);   
end 
 
spect2 = 0; 
 
    J_temp = (mult2-1)*(-J2/2); 
 
    for jj=1:mult2 
         
    spect2 = spect2 + simple_J(LW,J_temp + 
x0,range,mult,J)*I_fact(jj); 
     
    J_temp = J_temp + J2; 
     
    end 
 
 
 
function simple_spect = 
simple_J(LW_simple,x0_simple,range_simple,mult_simple,J_simple) 
 
pasc_simple = pascal(mult_simple); 
[r c] = size(pasc_simple); 
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for j_simple = 1:mult_simple 
   I_fact_simple(j_simple) = pasc_simple(r-j_simple+1,j_simple);   
end 
 
simple_spect = 0; 
 
     
    J_temp_simple = (mult_simple-1)*(-J_simple/2); 
 
    for jj_simple=1:mult_simple 
         
    simple_spect = simple_spect + .5*LW_simple./pi./((range_simple-
J_temp_simple - x0_simple).^2 + 
(.5*LW_simple).^2).*I_fact_simple(jj_simple); 
    % generate J-split peak pattern, each peak is a normalized 
Lorentzian 
    % line peak 
 
    J_temp_simple = J_temp_simple + J_simple; 
     
    end 
         
end 
 
end 
 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%% 
%end of ’make_J’ function script file 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%% 
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CHAPTER 4 
2H-13C HETCOR MAS Solid-State NMR  
Introduction 
Deuterium (2H) NMR spectroscopy is of great interest for the structural biology, 
polymer and chemistry community. 2H line shapes and spin–lattice relaxation (T1) times 
provide rich information about local molecular dynamics and geometry [1-11]. Static 
deuterium exhibits a broad line shape referred to as the Pake powder pattern [12]. When a 
system undergoes a certain motion like methyl rotation, a reduced pattern is observed [9, 
13-18]. When molecular motion rate falls in the range of 104–107 s−1, static deuterium 
NMR line shape is dominated by its quadrupolar interaction and provides geometric and 
local/site-specific dynamic information for the system [1-18]. With the application of 
magic angle spinning (MAS), the motional range characterized by 2H line shape is 
extended to 102–108 s−1 [19-22]. In the motional timescale of 108–1012 s−1, the deuterium 
line shape becomes independent of rate and T1 can be utilized for dynamic investigations 
[1, 13, 19, 23, 26]. 2H NMR has been used to investigate dynamics for a wide variety of 
systems such as liquid crystals [20, 24-30], partially oriented membranes [31-38] and 
disordered biopolymers [15-17, 39, 40]. In most of these studies, site-specific isotopic 2H 
labeling was applied for one-dimensional (1D) 2H NMR to avoid assignment difficulties 
caused by spectral overlap. Selective labeling is difficult to achieve for most proteins and 
biopolymers. For bio-systems, 1D 2H NMR experiments are limited due to the large 
quadrupolar coupling interaction of deuterium compared with the small chemical shift 
window [19, 23, 29, 41]. Even when performing an experiment under magic angle 
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spinning (MAS), it is difficult to resolve line shapes for different 2H sites in a 1D 
spectrum [42]. To overcome this issue, two-dimensional (2D) experiments are required to 
assist in dispersing the resonances for spin systems in one dimension. The 2H–13C 
heteronuclear correlation (HETCOR) experiment is suitable for this situation as carbon is 
accessible for most bio-systems and has a large chemical shift range that is strongly 
associated with structural information [19, 23, 29, 41]. Moreover, with recent advances in 
preparation of protein nanocrystals/microcrystals, it is now possible to obtain high quality 
13C solid-state NMR spectra with narrower line widths and better chemical shift 
dispersion [43] and [44]. 2H–13C HETCOR NMR have been successfully used to 
investigate dynamics information for several systems [19, 23, 29, 40, 41, 45], 
[46] and [47]. For example, 2H assignment and mobility information were extracted from 
2D 2H–13C heteronuclear multiple-quantum coherence (HMQC) spectroscopy for 4-n-
pentyl-4′-cyanobiphenyl (5CB) [41] and poly(isoprene) rubber [40]. In addition, by 
employing deuterium double quantum coherence excitation before transferring 
magnetization to carbon in a 2D experiment, the resolution in deuterium dimension can 
be significantly improved [48-50]. An alternative approach is 2D 2H–13C cross-
polarization (CP) experiment. CP NMR between spin-1/2 nuclei has been theoretically 
discussed in detail and utilized for chemical shift assignment and signal enhancement for 
decades [51-55]. The same idea can be applied to spin-1 species such as CP between 
deuterium and proton or carbon. However, the theory for spin-1 nuclei cross polarization 
is not as straightforward as the spin-1/2 case. This is due to the fact that the quadrupolar 
interaction of spin-1 affects the spin lock significantly making the experiments quite 
challenging to apply in practice [56-60]. 
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Cross-polarization transfer between spin-1 and spin-1/2 was shown theoretically 
[56-60] and experimentally [19, 23, 29, 45-47, 61-65] to be feasible. Both single-
quantum and double-quantum cross polarization can occur during spin lock, depending 
on the experimental conditions. When 2H radio frequency (rf) field strength is smaller 
than quadrupole coupling constant (CQ), the CP matching condition for each case is 
different and determined by the quadrupolar interaction, rf field strength and its 
transmitter offset [56-60]. Typically, experimental efforts are put on two aspects: signal 
maximization and achieving uniform cross polarization transfer for all crystallites [19, 
23, 29, 45-47, 61-65]. Experimental conditions used to achieve the best performance are 
different for each aspect. In a previous study, the deuterium spectral assignment was 
accomplished for 5CB using 2D 2H–13C CP [41]. The experimental conditions were 
chosen such that Hartmann–Hann matching condition was fulfilled for single-quantum 
cross-polarization to ensure best signal. However, correct quadrupole line shapes are not 
necessarily obtained indirectly when the CP condition that yields the most intense signal 
is chosen because the cross polarization is non-uniform for all crystallites under this 
condition. In a few recent studies, different experimental strategies were applied to obtain 
quadrupole line shape for dynamics and geometry investigation, including utilization of 
conventional 2H–13C CP [19, 23] and modified composite pulse sequences [66, 67]. For 
example, 2H–13C CP experiments were conducted for several systems such as α-spectrin 
[19] SH3 domain, Nac-Val and Nac-Val-Leu-OH [23]. Motionally averaged quadrupole 
coupling constants were determined for specific molecular groups in these systems. 
Although reasonable dynamics were proposed for these systems, noticeable differences 
were observed between the experimental and simulated quadrupole patterns [23]. This 
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difference could lead to misinterpretation of geometry and dynamic analysis for some 
cases [68, 69]. Therefore, the 2D 2H–13C CP-MAS HETCOR experiments needs to be re-
evaluated for extracting accurate quadrupole patterns and a set of systems with known 
dynamics needs to be tested to determine the validity of this approach. 
Deuterium magnetization spin–lattice relaxation is widely utilized to investigate 
molecular motion in the timescale of 108–1012 s−1, where 2H line shapes are independent 
of the motional rate [1, 13, 19, 23, 26]. 2H T1 is significantly impacted by the quadrupolar 
interaction. It is less prone to complications compared to 1H and 13C relaxation 
measurements for investigation of molecular motions where multiple relaxation 
mechanisms are present [70, 71]. Similar to the case of proton, it is limited to directly 
measure deuterium T1 in solid-state NMR due to the lack of spectral resolution. An 
alternative method is to indirectly detect deuterium T1 using the 2H–13C CP-MAS 
approach and exploit the increased chemical shift dispersion in the 13C dimension. The T1 
information is preserved during cross-polarization and can be measured by analyzing 
carbon signal evolution with an inversion-recovery experiment in a site-specific manner. 
This 2H spin–lattice relaxation time measurement using 2H–13C CP approach has been 
successfully applied to several systems in previous studies [19, 23]. 
In the current study, we focus on indirectly detecting accurate, motionally 
averaged quadrupole patterns through 2H–13C HETCOR experiments with CP-MAS. 
Experiments were carefully set-up and successfully applied to uniformly 2H/13C/15N-
labeled Ala, Pro and Phe. As will be shown, the typically perceived optimal 2H–13C CP 
condition does not always yield an accurate, indirectly observed 2H MAS quadrupole 
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pattern. Molecular motions and geometry for each group of the amino acid are obtained 
based on quadrupole patterns extracted from 2D experiments and simulations. In 
addition, deuterium T1 was determined for each site by combining a composite 2H 
inversion pulse with the 2H–13C CP-MAS experiment. 
Materials and Methods 
Material 
U-[2H4,13C3,15N]-Ala, U-[2H8,13C9,15N]-Phe and U-[2H7,13C5,15N]-Pro samples 
were purchased from Cambridge Isotopes (Andover, MA) and used as received. The 
powder samples were packed in zirconia NMR rotors. The Pro sample absorbed water 
over time as an isotropic peak was observed in the 2H solid-echo spectrum. Thus, the U-
[2H7,13C5,15N]-Pro sample was stored with a calcium sulfate desiccant at room 
temperature to avoid water absorption and all NMR experiments were conducted on 
anhydrous Pro. 
 
Figure 4.1. Pulse sequences for 2H-13C CP-MAS HETCOR experiments. (A) 2D 2H-13C CP-
MAS HETCOR pulse sequence. (B) 13C-detected 2H T1 inversion-recovery pulse sequence, the 
composite π pulse is (π/4)x-(π)y-(π/2)-x-(π)y-(π/4)x. For both pulse sequences, a rf ramp is 
applied on carbon and 2H GARP decoupling is used during acquisition at low rf power (~2 
kHz). 
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Solid-state NMR Spectroscopy 
Solid-state NMR spectra were collected on a Varian VNMRS 400 MHz 
spectrometer equipped with a 3.2 mm MAS probe operating in 1H–13C–2H triple 
resonance mode. The 2D 2H–13C CP-MAS HETCOR pulse sequence is depicted in 
Figure 4.1A. A single quantum deuterium coherence is created by the initial π/2 pulse. 
After t1 evolution, the single-quantum coherence is transferred to 13C by cross-
polarization and 13C signal is detected. An rf ramp was applied to 13C during spin lock. 
The experiment takes advantage of short deuterium spin–lattice relaxation (typically on 
the order of millisecond) to compensate for the signal loss during 2H–13C CP 
magnetization transfer. ∼2 kHz 2H GARP decoupling [72] was utilized during signal 
acquisition for both experiments. The resolution improvement was ∼5–20 Hz, depending 
on the group, when 2H decoupling was applied. Due to probe limitations, the available 2H 
rf field was up to 91 kHz (the pulse length of π/2 is 2.75 µs) and this power was used in 
all 2H–13C CP-MAS experiments. 2H rf offset is set such that liquid D2O is on resonance. 
The recycle delays for 2D 2H–13C CP-MAS HETCOR experiments were 1 s for U-
[2H4,13C3,15N]-Ala and U-[2H8,13C9,15N]-Phe and 5 s for U-[2H7,13C5,15N]-Pro. To 
measure deuterium T1, one-dimensional (1D) 2H–13C CP-MAS experiment (Figure 4.1B) 
was implemented. Since the applied 2H rf field strength was much smaller than deuterium 
CQ in some cases, a composite 2H π pulse [23, 73] was applied to provide the necessary 
bandwidth for inverting the entire 2H powder pattern span. The recycle delays used in T1 
measurements were 3 s, 5 s and 60 s for U-[2H4,13C3,15N]-Ala, U-[2H8,13C9,15N]-Phe, and 
U-[2H7,13C5,15N]-Pro, respectively. Experiments were performed under 10 kHz MAS for 
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U-[2H4,13C3,15N]-Ala and U-[2H7,13C5,15N]-Pro and 20 kHz MAS for U-[2H8,13C9,15N]-
Phe. 20 kHz MAS was chosen for Phe for better signal to noise in the 2H dimension. The 
contact time and 13C rf field strength was optimized to achieve uniform as well as 
efficient cross-polarization for each experiment as described in the following sections. 
Sample heating due to MAS results in an actual sample temperature of 30 °C for Ala and 
Pro, and 50 °C for Phe. Lead nitrate was used for temperature calibration [74]. 
Theoretical Simulation 
Deuterium MAS and static quadrupole patterns were simulated using EXPRESS 
[75] and SPINEVOLUTION [76] software packages. Methyl and phenyl ring deuterium 
MAS line shape simulations were carried out using EXPRESS with the ZCW powder 
orientation calculation scheme. Due to the simulation limit on motional timescale in 
EXPRESS [75], deuterium MAS quadrupole patterns for rigid CD groups were calculated 
using SPINEVOLUTION with the ASG powder orientation calculation scheme. 
Deuterium static quadrupole line shapes were also simulated with SPINEVOLUTION. 
For deuterium undergoing fast two-site reorientations at small angles, the MAS line 
shapes were calculated using SPINEVOLUTION with ASG powder orientation 
calculation scheme. A set of 13C–2H CP-MAS experiments for an isolated C–D spin-pair 
were simulated in SPINEVOLUTION. The deuterium quadrupolar coupling constant 
(CQ) and asymmetry parameter (η) used in simulations are detailed in the following 
discussion sections. 
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Results and Discussion 
2H–13C CP-MAS Matching Condition 
The experimental 2H–13C CP matching profile for methyl and methine groups of 
U-[2H4,13C3,15N]-Ala under 10 kHz MAS is shown in Figure 4.2. The Fourier 
transformed 13C spectrum following cross-polarization transfer from 2H to 13C with 
different 13C spin lock rf fields is shown. The 2H rf field is 91 kHz which is smaller than 
deuterium CQ of a rigid CD group in amino acids (155–190 kHz) [13-18, 28, 35, 77-79]. 
The methyl group displays a profile (Figure 4.2B) typical for spin-1/2 nuclei CP-MAS in 
the fast spinning regime where the MAS frequency exceeds the heteronuclear dipolar 
interaction [53, 54]. The matching conditions occur at ωI = ωS ± nωR (I = 1/2, S = 1) [53, 
54]. A more complicated matching profile is observed for the methine group as shown in 
Figure 4.2D. Strong cross-polarization transfer is observed at ωI = 64.5 kHz and 
70.5 kHz. Unlike the methyl group case, the matching conditions cannot be simply 
expressed in any useful analytical form as in the case for spin-1/2. Magnetization transfer 
efficiency though cross-polarization strongly depends on the orientation of a crystallite 
while the rf field strength is on the order of CQ or smaller [56-60]. As a result, cross-
polarization dynamics are significantly impacted by the quadrupolar interaction of the 
system. CQ of methyl deuterium is motionally averaged to 60 kHz from 160 kHz (Figure 
4.2A) because of the fast (>108 s−1) methyl group rotation about the C3V symmetry axis. 
In this case, the 2H rf is larger than the effective quadrupolar interaction. Consequently, 
the influence of quadrupolar interaction on CP dynamics is significantly reduced, leading 
to a matching profile similar to CP between spin-1/2 nuclei [53, 54]. The CP matching 
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behavior is different for the Ala methine group, which has a deuterium CQ of 160 kHz. 
The orientation-dependent CP efficiency leads to a much more complicated matching 
profile. Overall, it is hard to find a matching condition satisfying the best cross-
polarization for all groups with different CQ. This situation is improved when all groups 
in the system posses a similar quadrupolar interaction. For example, the 2H–13C CP 
matching condition is impacted differently for groups involved in another classical 
motion, the 180° aromatic ring flip [24, 25, 28, 32, 78, 79]. Figure 4.S1 displays 
deuterium quadrupole line shapes and 2H–13C CP matching profiles for U-[2H8,13C9,15N]-
Phe under 20 kHz MAS (see Supplemental material). Cα and Cβ resonances present the 
same CP-MAS matching profile within experimental error. This agrees with the fact that 
2Hα and 2Hβ are both rigid and have the same quadrupole pattern. The matching profile 
for phenyl ring Cδ and Cε resonances is slightly different. 180° flip of phenyl ring leads 
to a smaller effective quadrupole coupling constant and results in a quadrupole pattern as 
shown in Figure 4.S1A and C. This motionally averaged quadrupole pattern is different 
from the Pake pattern of 2Hα and 2Hβ, but also covers a broad resonance range. Thus, the 
difference between CP matching profiles for Cδ, Cε and Cα, Cβ is small. The present 
investigation is extended to Pro that plays an important role in protein secondary 
structure [68, 80-83]. The experimental results are shown in Figure 4.S2 for U-
[2H7,13C5,15N]-Pro (see Supplemental materials). The dynamics of Pro ring can be 
described such that each deuterium on the ring undergoes fast reorientation between two 
orientations [68, 69, 80-83]. The previous X-ray and NMR studies have shown that the 
two orientations deviate by an angle less than 30° [68, 69]. Deuterium qudrupole pattern 
for each deuterium on Pro ring is close to that for static pattern as shown in Figure 4.S2A, 
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C and E. As expected, carbon-deuterium groups of Pro ring possess very close CP-MAS 
matching profiles because of the similar dynamics and similar effective quadrupole 
couplings for the various groups. 
 
 2H–13C CP experiment takes advantage of the short deuterium spin–lattice 
relaxation time that compensates for the magnetization loss during cross-polarization 
from deuterium to carbon. To illustrate this, comparisons are made between 2H–13C CP 
for uniformly 2H/13C/15N-labeled Ala/Phe and 1H–13C CP for uniformly 1H/13C/15N-
labeled Ala/Phe. 1H–13C CP provides 5 and 8 times as much signal as 2H–13C CP per scan 
for Ala Cα and Cβ, respectively. However, 2H T1 is 61 ms and 4 ms for 2Hα and 2Hβ 
Figure 4.2 Deuterium quadrupole line shapes (A and C) and 2H-13C CP matching profiles (B 
and D) for U-[2H4,13C3,15N]-Ala under 10 kHz MAS. 2H rf field is 91 kHz and its offset is set 
such that D2O is on resonance. CP contact time is 1.4 ms. 2Hβ quadrupole line shape is 
simulated using CQ=155 kHz, η=0 and a methyl deuterium fast three sites jumping model. 
2Hα quadrupole line shape is simulated using CQ=160 kHz, η=0 and a rigid deuterium model. 
All simulations are performed with EXPRESS software [75]. * shows where the 13C rf field 
strength equals 2H rf field strength. # shows where the 13C rf field strength is +/- 10 kHz with 
respect to the 2H rf field strength . 
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while 1H T1 is 0.55 s for the two groups (see the following section for detail deuterium T1 
analysis). Thus, the signal to noise per unit time observed in 2H–13C CP is 60% and 150% 
of that obtained in 1H–13C CP for Cα and Cβ respectively. Take the CP experiment 
recycle delay limitation into account, 2H–13C CP provides at least 60% signal to noise per 
unit time compared to 1H–13C CP. Thus, the short deuterium T1 makes 2H–13C CP nearly 
comparable to 1H–13C CP in terms of signal observed in a certain experimental time 
frame. This can be further improved for the case of Phe. 2H T1 are 67–101 ms for phenyl 
ring deuterium and 600 ms for methine and methylene deuterium. T1 times for 1H are 
much longer, about 3.5–3.7 s for all groups. The detected carbon signal intensity per scan 
in 1H–13C CP is 3–5.4 times as much as that in 2H–13C CP. Thus, 2H–13C CP provides 
70–130% signal of that in 1H–13C CP with a certain experiment time. 
Two-dimensional 2H–13C HETCOR Experiment with CP-MAS 
Deuterium assignments and quadrupole patterns can be determined from 2D 2H–
13C HETCOR experiments with CP-MAS. In addition to obtaining maximum signal 
intensity, extracting the correct 2H line shape from indirect dimension of 2D 2H–13C CP-
MAS is critical for dynamic investigations. The spin lock field strength and ramp size 
optimized as discussed above does not ensure obtaining correct 2H patterns for all spins 
in a given system according to the results of the present study. This is because the cross-
polarization transfer is non-uniform for all crystallites [56-60]. Most of previous 2D 2H–
13C CP-MAS studies neglect the effect of spin lock field strength on the accuracy of 2H 
line shape. Here, part of the CP matching file shown in Figure 4.S3 is presented in Figure 
4.3A. 2H–13C CP with 13C rf field strength ranging from 62.5 kHz to 78 kHz (the first 25 
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plots in Figure 4.3A) works efficiently considering carbon signal intensity. However, 
most deuterium line shapes extracted from experiments under these conditions are quite 
different and disagree with the simulations. Figure 4.3B and C shows 2H quadrupole 
patterns for Ala methyl and methine groups extracted from 2D 2H–13C CP-MAS 
experiments with four different conditions. The 13C spin lock rf field: a – 67 kHz, b – 
68 kHz, c – 69 kHz and d – 71 kHz. Conditions a, b, and c provide methyl deuterium line 
shape with small difference when compared to the 1D solid-echo spectrum of 2H3-Ala, 
while condition d results in a line shape with much less intensity for the centerband. For 
the methine group, a larger difference is observed for the four results. Only the pattern 
obtained under condition d is close to the ideal 1D spectra. Thus, the condition providing 
the correct lineshape is condition d for the methine group and conditions a, b, c for 
methyl group. Overall, the line shape extracted from 2D CP-MAS experiment deviate 
from theory and the difference depend on 13C spin lock rf field and 2H quadrupolar 
interaction of the considered group. The quadrupole line shape disagreement between the 
2D experiment and the ideal 1D spectra cannot be avoided, but only minimized by 
carefully choosing experimental conditions. For example, in the case for methyl group, 
conditions a, b and c are acceptable for 2D experiment as their deviation is minimized 
based on the current results. Despite the deviation from the ideal 1D line shape, the 
experimental quadrupole patterns extracted from 2D 2H–13C CP-MAS experiment are 
still able to illustrate that methyl undergoes fast rotation and methine is static according 
to any of the four experiment results. Due to the existence of this experimental error, 
careful optimization of CP experimental conditions are required to distinguish close 
molecular motions such as two-site reorientations at small angles as discussed below. 
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Figure 4.3.  (A) Ramped 2H-13C CP matching profile for U-[2H4,13C3,15N]- Ala. Each pair of peaks 
(Red - Cβ, Black - Cα) are from the same experiment performed with a specific condition. Four 
conditions are highlighted: a: 67 kHz 13C spin lock field; b: 68 kHz 13C spin lock field; c: 69 kHz 
13C spin lock field; d: 71 kHz 13C spin lock field; 2H rf field is 91 kHz and its offset is set such that 
D2O is on resonance, CP contact time is 1.4ms, 13C rf ramp is 2.5 kHz. Experiments are conducted 
under 10 kHz MAS.  (B) methyl deuterium quadrupole patterns extracted from 2D 2H-13C CP-
MAS HETCOR experiment. From left to right: spectra extracted from 2D ramped 2H-13C CP-
MAS with conditions a, b, c, d and 1D solid echo spectrum of 2H3- Ala collected with 100 kHz 2H 
rf field. (C) methine deuterium quadrupole patterns extracted from 2D 2H-13C CP-MAS HETCOR 
experiment, the region from -1 to -7 ssb is expanded. From left to right: spectra extracted from 2D 
ramped 2H-13C CP-MAS under conditions a, b, c, d and simulated deuterium rigid quadrupole 
pattern. The simulation was conducted using SPINEVOLUTION [76] and a CQ of 160 kHz and a 
η of 0 were used. 
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Spin-lock Field Strength Effect on Line Shape 
In the previous section, it was illustrated that deuterium line shape extracted from 
2D HETCOR experiment with 2H–13C CP-MAS is sensitive to 13C spin lock field 
strength. Even a 1 kHz variation in 13C rf field can lead to different 2H line shapes. CP 
efficiency is uneven across the broad deuterium span under a given set of experimental 
conditions. Thus, it is necessary to determine how sensitive the deuterium line shape is to 
13C spin lock field strength for an experimental guide. It can be illustrated by theoretical 
calculations of the 1D 13C–2H cross polarization starting with 13C transverse 
magnetization. Here, a series of 13C–2H CP with different 13C field strength for an 
isolated C–D spin-pair are simulated and presented in Figure 4.4. Deuterium quadrupole 
patterns are obtained under conditions with different 13C spin lock field strengths. Some 
of the line shapes are significantly distorted. These conditions should be avoided in 
experimental studies. Figure 4.5 displays five quadrupole line shapes obtained from 13C–
Figure 4.4. Simulated 13C-2H CP spectra for an isolated C-D spin-pair under 10 kHz MAS. 2H 
rf field strength is fixed as 91 kHz.  13C spin lock field strength varies from 46 kHz to 121 kHz 
with a step of 5 kHz. Simulations were performed using SPINEVOLUTION [76], the 
deuterium quadrupolar constant used in the simulation is 160 kHz. 
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2H CP experiments simulations with very close 13C field strength. Although field strength 
difference between experiments is only 0.5 kHz, non-negligible difference is observed 
between the results. This would make it difficult to accurately investigate the dynamics in 
cases like Pro (see below). For accurate dynamics studies, it is necessary to perform 
theoretical simulations and NMR experiments on standard samples before conducting 2D 
2H–13C CP-MAS experiments on the sample of interest. 
 
 
Figure 4.5. Simulated 13C-2H CP spectra for an isolated C-D spin-pair under 10 kHz MAS. 2H 
rf field strength is fixed as 91 kHz. 13C spin lock field strength varies from 54 kHz to 56 kHz 
with a step of 0.5 kHz. Simulations were performed using SPINEVOLUTION [76], the 
deuterium quadrupolar constant used in the simulation is 160 kHz. 
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Contact Time in 2D 2H–13C HETCOR Experiments 
In 2H–13C CP-MAS, effective dipolar interaction between deuterium and carbon 
is orientation dependent [56-60]. Magnetization transfer though cross-polarization is 
determined by the effective dipolar interaction. Thus, the contact time needed for 
efficient cross-polarization is unique for a certain crystallite. In fact, the effective dipolar 
interaction becomes smaller for orientations with larger quadrupolar interactions [60]. To 
reach cross-polarization efficiently for all crystallites, long contact times are required. 
Figure 4.6 displays deuterium quadrupole pattern for Ala 2Hα and 2Hβ extracted from 2D 
2H–13C CP-MAS HETCOR experiments with different contact times. With short contact 
times, 100 µs and 150 µs, the line shapes vary significantly from simulation line shapes. 
When contact time is increased to 1400 µs and 2000 µs, cross polarization is efficient for 
all orientations and the obtained line shapes approach the simulated ones. Thus, long CP 
contact times (>1 ms) are needed to obtain correct line shapes from these 2D 2H–13C CP-
MAS experiments. In addition, one needs to avoid cross-polarization transfer beyond 
directly bonded 2H–13C spins while using long contact times to ensure that the 
experiments are site-specific. According to thermodynamic theory of proton to carbon 
cross-polarization, proton spin-diffusion leads to energy transfer between protons to 
achieve quasi-equilibrium temperature for the spin system [84-88]. This would lead to 
communication between un-bonded proton and carbon spins through spin diffusion and 
heteronuclear coherence transfer [84-88]. It is much different for the case of cross-
polarization between deuterium and carbon. The mechanism of deuterium spin-diffusion 
has been discussed in previous studies [89-92]. Deuterium spin-diffusion coefficient is 
three orders of magnitude weaker than that of proton and significantly quenched when 
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the spin quadrupolar interactions are different [89-92]. Therefore, deuterium to carbon 
coherence transfer via heteronuclear coupling following deuterium spin diffusion is 
limited. In addition, heteronuclear coupling is negligible for non-directly bonded 
deuterium–carbon spins compared with that for directly bonded spins. Overall, it is 
reasonable to assume that deuterium–carbon cross polarization is limited to directly 
bonded deuterium–carbon pairs. Thus, the deuterium quadrupole patterns extracted from 
2D 2H–13C HETCOR experiments should be site-specific. From 2D 2H–13C CP-MAS 
experiment of amino acids with contact times longer than 1.4 ms, it is shown that no 
cross polarization occurred between non-directly bonded deuterium–carbon as discussed 
below (Figures 4.7B, 8B and 9B). However, in practice, it is recommended to check 
whether cross-polarization occurs between non-bonded heteronuclei with a chosen 
contact time. 
 
Figure 4.6. Experimental 2H quadrupole patterns extracted from 2D 2H-13C CP-MAS 
HETCOR experiments with different CP contact time for U-[2H/13C3/15N]-Ala. (A): 
extracted 2Hα line shapes. (B): extracted 2Hβ line shapes. The MAS frequency is 10 
kHz. 2H rf field strength is 91k Hz and its offset is set such that D2O is on resonance. 
The 13C spin-lock rf field is 67 kHz. 
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 2D 2H–13C HETCOR Experiment for Ala, Pro and Phe 
Experimental parameters need to be set-up carefully to extract accurate 2H 
quadrupole line shape from 2D HETCOR experiments with 2H–13C CP-MAS for 
dynamic analysis. Here, we recommend an experimental strategy to assist when 
conducting experiments on an unknown material of interest. First, a standard sample is 
chosen for experimental parameter optimization. It should contain the same group or unit 
as the material of interest. For example, Ala is a preferred standard sample if one is 
interested in local dynamics by characterizing molecular motions of Ala in a protein or in 
general, when a methyl group is of interest. Secondly, determine a CP rf ramp that 
provides a relatively flat CP matching profile and best signal enhancement. And then, 
find several CP matching conditions, which give strong signals for all molecular groups 
of interest. Note that it is almost impossible to have a matching condition maximizing 
signal intensities for all resonances. The chosen matching conditions should provide good 
signal intensity for all groups instead of favoring one over another. Following this, 2D 
2H–13C CP-MAS HETCOR experiments on the standard sample are performed with the 
chosen matching conditions. The contact time is set such that it reaches strong signal 
intensities and no cross polarization occurred between different groups. In our 
experience, >1 ms is required for the deuterium–carbon spin system. It is recommended 
to perform a 2D 2H–13C CP-MAS experiment with rotor-synchronized acquisition to 
ensure the absence of cross polarization between different groups under certain contact 
times. Finally, extracted 2H line shapes from the 2D 2H–13C CP-MAS experiments can be 
compared with the expected, simulated lineshapes. One should then choose the matching 
condition that yields the quadrupole line shape that best matches simulation for all 
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deuterium. Then, 2D 2H–13C CP-MAS experiment with this condition is ready to be 
applied to complicated protein and biopolymers. Here, using this strategy, the 2H 
quadrupole line shapes are determined for U-[2H4,13C3,15N]-Ala, U-[2H8,13C9,15N]-Phe 
and U-[2H7,13C5,15N]-Pro. 
 
Ala site-specific 2H quadrupole patterns 
2D HETCOR experiments with 2H–13C CP were performed on U-[2H4,13C3,15N]-
Ala under 10 kHz MAS. The experimental conditions were optimized using the strategy 
discussed above. Overall, a 67 kHz 13C spin lock rf field with 2.5 kHz ramp, and 1.4 ms 
Figure 4.7. Experimental and simulated 2H quadrupole line shapes for U-[2H4,13C3,15N]-Ala. 
(A) 13C-detected 2D 2H-13C CP-MAS HETCOR spectrum, sweep width of the indirect 
dimension is 500 kHz. (B) 13C-detected 2D 2H-13C CP-MAS HETCOR spectrum, sweep width 
of the indirect dimension is 10 kHz. (C) 2Hβ quadrupole pattern extracted from 2D spectrum 
indirect dimension.  (D) 2Hα quadrupole pattern extracted from 2D spectrum indirect 
dimension. (E) simulated methyl deuterium quadrupole pattern. (F) simulated methine 
deuterium quadrupole pattern. 2D experiment conditions: 67 kHz 13C rf field, 91 kHz 2H rf 
field, the offset of 2H rf field is set such that liquid D2O is on resonance, CP contact time is 1.4 
ms and a 2.5 kHz 13C rf ramp is used during spin lock, the MAS frequency is 10 kHz. 
Simulation of methyl deuterium line shape is performed in EXPRESS [75] with CQ=155 kHz, 
η=0 and a model of deuterium three sites fast jumping. Simulation of methine deuterium line 
shape is performed in SPINEVOLUTION [73] with CQ=160 kHz, η=0 and a model of rigid 
deuterium. 
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cross-polarization contact time was used. Experimental results are presented in Figure 
4.7. Cross-polarization works efficiently for both methyl and methine groups. In Figure 
4.7B, correlation between carbon and deuterium resonances indicate that cross 
polarization only occurred within directly bonded heteronuclear spin pairs. Thus, the 
extracted deuterium line shapes are site-specific. 2Hα and 2Hβ quadrupole patterns 
extracted from 2H dimension match very well with theoretical simulations. As displayed 
in Figures 4.7C and E, the experimental line shape for methyl deuterium agrees with the 
model of three sites jumping in the fast motion regime (10−8–10−12 s) [13-19, 23]. For 
methine group, the determined line shape is characteristic of a completely rigid deuterium 
environment (Figures 4.7D and F). 
Phe site-specific 2H quadrupole patterns 
2H line shapes for Phe were determined by 2D HETCOR experiment using 2H–
13C CP. The experiment was conducted under 20 kHz MAS. The final optimized 
experimental conditions are 68 kHz 13C spin lock rf field with a 2.5 kHz ramp, and 3 ms 
cross polarization contact time. Figure 4.8 displays the experimental results. The 2D 
spectrum shown in Figure 4.8A indicates cross-polarization magnetization transfer takes 
place from deuterium to carbon for all sites. It is noted that both Cα and Cβ possess two 
chemical shifts that are likely due to crystal packing effects [55]. The obtained deuterium 
quadrupole patterns are site-specific since the occurrence of cross-polarization is limited 
to directly bonded heteronuclear spin pairs. It is verified that no 2H–13C correlation was 
observed between non-bonded deuterium and carbon (Figure 4.8B). The only exception 
is that a weak signal is detected for the quaternary Cγ. This is likely due to the close 
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proximity of four deuterons on the neighboring Cβ and Cδ sites. Although 2H 
polarization transfer is observed for this quaternary environment, there does not appear to 
be spin communication between the other deuterons directly bound to carbon. 
Simulations and experimental deuterium quadrupole patterns extracted from the indirect 
dimension of the 2D spectrum are presented in Figure 4.8C. The reduced 2Hδ and 2Hε 
Figure 4.8. Experimental and simulated 2H quadrupole line shapes for U-[2H8,13C9,15N]- Phe. 
(A) 13C-detected 2D 2H-13C CP-MAS HETCOR spectrum, sweep width of the indirect 
dimension is 500 kHz. (B) 13C-detected 2D 2H-13C CP-MAS HETCOR spectrum, sweep width 
of the indirect dimension is 20 kHz. (C) 2H quadrupole patterns extracted from 2D spectrum 
indirect dimension. The 2D experimental conditions: 68 kHz 13C rf field, 91 kHz 2H rf field, 
the offset of 2H rf field is set such that liquid D2O is on resonance, CP contact time is 3 ms and 
a 2.5 kHz 13C rf ramp is used during spin lock, the MAS frequency is 20 kHz. Simulation of 
2Hδ and 2Hε deuterium line shapes are performed in EXPRESS [75] with CQ=168.1 kHz, 
η=0.036 [78] and a model with fast 180°ring flips. Simulation of 2Hα, 2Hβ and 2Hζ line 
shapes are performed in SPINEVOLUTION [76] with CQ=180 kHz, η=0 and a model of rigid 
deuterium. It should be noted that a weak signal is observed for Cγ, which is negligible since it 
only accounts for 3% of total signal. 
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line shapes result from the aromatic ring experiencing 180° flips in fast molecular motion 
regime (10−8–10−12 s) [24, 25, 28, 32, 78, 79]. The fast 180° flips do not averaged the 2H 
quadrupole pattern due to the geometry of the phenyl ring. As expected, a classical 
deuterium line shape for a rigid group is observed for 2Hα. Similarly, 2Hβ presents a line 
shape almost identical to that of 2Hα. Thus, methine and methylene deuterium are 
completely rigid. In summary, 2D HETCOR experiments with 2H–13C CP can be used to 
extract the site-specific MAS deuterium line shape for Phe. 
Pro site-specific 2H quadrupole patterns 
Pro deuterium quadrupole patterns were extracted from 2D HETCOR experiment 
utilizing 2H–13C CP under 10 kHz MAS. The experiments were performed using 
optimized condition: 68 kHz 13C spin lock rf filed with a 2.5 kHz ramp, and 2 ms cross 
polarization contact time. Spectra are displayed in Figure 4.9. Signals were observed for 
all carbons on the five-member ring after cross polarization magnetization transfer from 
2H to 13C as shown in Figure 4.9A. Similar to Ala and Phe, cross-polarization only occurs 
between directly bonded deuterium and carbon pairs and provide site-specific deuterium 
quadrupole patterns. This is well illustrated by the correlation spectra shown in Figure 
4.9B. Deuterium quadrupole patterns for the four sites on Pro ring are presented in Figure 
4.9C. All the line shapes are very close to rigid quadrupole patterns. Comparison of the 
line shapes indicates that 2Hγ are the most mobile deuterons and 2Hα is the most rigid 
one. This observation agrees with previous studies [68, 69, 80-83]. Structure and 
dynamics studies show that Pro ring cannot execute large amplitude internal motions [68, 
69, 80-83]. The flexibility varies with sites on the ring: Cγ > Cβ > Cδ > Cα. The 
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dynamics of Pro 2Hβ, 2Hγ and 2Hδ can be described as fast two-site reorientations at 
small angles [68] and [69]. Two deuterium solid-state NMR studies reported reorientation 
angles for these sites. Torchia showed that 2Hβ, 2Hγ and 2Hδ reorient rapidly (>108 s−1) 
through angles of 17°, 20° and 12° for L-[D7]-Pro at 20 °C [69]. Sarkar and coworkers 
Figure 4.9. Experimental and simulated 2H quadrupole line shapes for U-
[2H7,13C5,15N]-Pro. (A) 13C-detected 2D 2H-13C CP-MAS HETCOR spectrum, sweep 
width of the indirect dimension is 500 kHz. (B) 13C-detected 2D 2H-13C CP-MAS 
HETCOR spectrum, sweep width of the indirect dimension is 10 kHz. (C) 2H 
quadrupole pattern extracted from 2D spectrum indirect dimension. The 2D 
experiment conditions: 68 kHz 13C rf field, 91 kHz 2H rf field, the offset of 2H rf field 
is set such that liquid D2O is on resonance, CP contact time is 2 ms and a 2.5 kHz 13C 
rf ramp is used during spin lock, the MAS frequency is 10 kHz. (D) Simulated 
deuterium line shapes conducted in SPINEVOLUTION [76] with CQ=170 kHz, η=0 
[68] and fast two-site reorientation at an angle indicated in the figure. 
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determined the fast reorientation angles for 2Hβ, 2Hγ and 2Hδ are 22.1°, 29.0° and 10.8° 
for Dl-[2H6]-Pro at 20 °C [68]. Figure 4.9D displays simulated 2H quadrupole MAS 
patterns for fast two-site reorientation at different angles. Comparing experimental line 
shape shown in Figure 4.9C with simulated ones, a range of reorientation angles could be 
obtained for each site. Here, it is concluded that 2Hβ, 2Hγ and 2Hδ have a reorientation 
angle of (15 ± 5)°, (30 ± 5)° and (25 ± 10)°, respectively. The results from the 2D 2H–13C 
CP-MAS HETCOR experiment roughly agree with previous results [68, 69]. The 
obtained two-site reorientation angle range illustrates the small amplitude mobility and 
relative flexibility for each site very well for Pro. Thus, 2D HETCOR experiment with 
2H–13C CP successfully provides site-specific Pro deuterium quadrupole patterns, which 
can be further applied to biopolymers and proteins. 
T1 Indirect Measurement with 2H–13C HETCOR Experiments 
Deuterium is a powerful tool to characterize dynamics in the 108–1012 s−1 
timescale, where line shape is independent of motional rate by measuring 2H spin–lattice 
relaxation times [1, 13, 19-23, 26]. Indirect deuterium T1 measurements by 2H–13C 
HERCOR experiments with CP-MAS can be used to overcome the poor resonance 
resolution in directly detected 2H experiments. More importantly, 2H–13C HETCOR using 
CP provides correlations limited to directly bonded heteronuclear pairs due to negligible 
deuterium spin diffusion and heteronuclear coupling between un-bonded spins as 
discussed above [84-92]. This enables one to obtain T1 information site-specifically. It 
should be noted that 2H–13C HETCOR experiments only provide average values for the 
orientation dependent deuterium T1 [91-95]. In the current work, T1 measurements were 
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performed on Ala, Phe and Pro using the sequence shown in Figure 4.1B. Deuterium T1 
information is preserved during spin lock and indirectly determined by carbon signal 
evolution behavior. The experimental conditions are the same as those in 2D 2H–13C CP 
experiments discussed above. Fitted T1 inversion-recovery curves for the three samples 
are presented in Figure 4.10. For Ala, T1 for 2Hα and 2Hβ is 61 ms and 4 ms, respectively 
(Figure 4.10A). The very short 2Hβ results from fast methyl rotation. Deuterium on Phe 
Figure 4.10. 13C-detected 2H T1 recovery curves for (A) U-[2H4/13C3/15N]-Ala, (B) U-
[2H8,13C9,15N]-Phe and (C)  U-[2H7,13C5,15N]-Pro. The T1 for each deuterium is indicated in the 
figure. 
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ring have shorter T1 than 2Hα and 2Hβ: 97 ms, 67 ms and 101 ms for 2Hε, 2Hδ and 2Hς 
(Figure 4.10B). It is a consequence of the Phe 180° ring flip dynamics. In contact, 2Hα 
and 2Hβ are relatively rigid with T1’s of 602 ms and 605 ms as shown in Figure 4.10B. 
All deuterium on Pro ring posses close T1’s of 7.63 s, 7.87 s, 7.79 s and 7.64 s for 2Hα 
2Hβ, 2Hγ and 2Hδ (Figure 4.10C). The T1 reflects that the Pro ring motion is restricted to 
a small amplitude. 
Conclusion 
Deuterium line shape and spin–lattice T1 relaxation rates can be characterized by 
2H–13C CP-MAS HETCOR experiments for molecular dynamic and geometry studies. 
The 2H–13C CP is significantly impacted by the deuterium quadrupole interaction and 
dependent on crystallite orientation. Thus, line shapes extracted from a 2D 2H–13C CP-
MAS HETCOR experiments are very sensitive to spin lock rf field strength as well as 
cross-polarization contact time. The obtained line shapes can show a large deviation from 
theoretical simulations if experimental conditions are not chosen carefully. Here, a 
strategy is proposed to set-up 2D 2H–13C CP-MAS experiments correctly. Using this 
strategy, site-specific deuterium quadrupole patterns were determined for Ala, Phe and 
Pro. The extracted quadrupole patterns illustrate the motions for each group and agree 
with theoretical simulations very well. In addition, site-specific deuterium T1 is measured 
indirectly though 2H–13C CP HETCOR experiments for the three amino acids. In 
summary, the present article shows improved determination of deuterium quadrupole line 
shapes using 2H–13C CP-MAS HETCOR experiments compared to previous studies. The 
2H–13C CP-MAS HETCOR experiments can be applied to uniformly labeled bio-systems 
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for local/site-specific molecular motion and geometry investigations if the experimental 
conditions are carefully determined with the described approach. 
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Supplementary Materials 
 
 
Figure 4.S1. Deuterium quadrupole line shapes (A,C,E) and 2H-13C CP matching profiles 
(B,D,F)  for U-[2H8,13C9,15N]-Phe under 20 kHz MAS. 2H rf field is 91 kHz and its offset is set 
such that D2O is on resonance. CP contact time is 1 ms. 2Hδ, 2Hε quadrupole line shapes are 
simulated using CQ=168.1 kHz, η=0.036 and a phenyl ring fast 180° flip model. 2Hα 
quadrupole line shape is simulated using CQ=160 kHz, η=0 [75] and a rigid deuterium model. 
All simulations are performed with EXPRESS software [72]. * shows where the 13C rf field 
strength equals 2H rf field strength. # shows where the 13C rf field strength is +/- 20 kHz with 
respect of  the 2H rf field strength. 
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Figure 4.S2. Deuterium quadrupole line shapes (A,C,E,G) and 2H-13C CP matching profiles 
(B,D,F,H) for U-[2H7,13C5,15N]-Pro under 10 kHz MAS. 2H rf field is 91 kHz and its offset is 
set such that D2O is on resonance. CP contact time is 2 ms. 2Hβ, 2Hγ, 2Hδ quadrupole line 
shapes is simulated using CQ=170 kHz, η=0 [65] and a model of deuterium fast jumping 
between two sites by an angle of 22.1°, 29° and 10.8° respectively [65]. 2Hα quadrupole line 
shape is simulated using CQ=160 kHz, η=0 a rigid deuterium model. All simulations are 
performed with EXPRESS software [72]. * shows where the 13C rf field strength equals 2H rf 
field strength. #  shows where the 13C rf field strength is +/- 10 kHz with respect of 2H rf field 
strength. 
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Figure 4.S3. Ramp 2H-13C CP matching profile for U-[2H4,13C3,15N]-Ala with different ramp 
sizes ∆ω.  2H rf field is 91 kHz and its offset is set such that D2O is on resonance. CP contact 
time is 1.4 ms. Experiments were conducted under 10 kHz MAS. The spectrum with 
maximum signal intensity is highlighted in bold. Each maximum signal intensity is 
normalized to the maximum signal intensity obtained in the case of ∆w=0 kHz. For ∆w=12.5 
kHz and ∆w=7.5 kHz, the 13C rf field strength range used in the experiment is narrower due to 
power limit of the instrument. Asterisk show a condition which provides high signal 
intensities for both Cα and Cβ with ∆w=2.5 kHz. 
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CP matching profiles for U-[2H4,13C3,15N]-Ala with different ramp sizes Δω are 
displayed in Figure 4.3S. In the case of single-amplitude CP (Δω = 0 kHz), both Cα and 
Cβ resonances present narrow matching bonds and no condition can provide efficient 
cross-polarization transfer for the two groups simultaneously. For example, under the 
best matching condition for Cα, signal intensity of Cβ is poor, only 18% of its maximum 
signal intensity (signal intensity under its best matching condition). Signal intensity for 
Cα reaches 89% of its maximum with the best matching condition for Cβ. Although this 
signal intensity is acceptable, the matching bond around this condition is very sharp and 
difficult to maintain in practice. When a ramp is used, the matching profile is broadened 
and signal intensities are significantly improved. Consequently, a matching condition can 
be chosen to achieve high signal intensity for both groups. For example, in the case of Δω 
= 2.5 kHz, an optimal matching condition (marked by an asterisk in Figure 4.S3) 
provides 94% and 88% of its maximum signal intensity for Cα and Cβ respectively. 
Another advantage of using ramp is higher cross-polarization transfer efficiency. This 
conclusion is well illustrated by comparing the maximum signal intensities with different 
ramp sizes. Strongest Cα and Cβ signals are obtained with Δω = 2.5 kHz, reaching 316% 
and 148% of signals obtained in single-amplitude CP. For the conditions of Δω = 5.0, 
7.5, 12.5 kHz, the signal intensities are also much higher than that of single-amplitude 
CP, but lower compared to CP with Δω = 2.5 kHz. In summary, an appropriate ramp can 
be applied to CP-MAS in order	  to	  achieve	  strong	  signals	  for	  all	  interested	  groups.	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CHAPTER 5 
Molecular Dynamics of Supercontracted Spider Dragline Silk Fiber Investigated by 2H-
13C Heteronuclear Correlation NMR 
Introduction 
Spider silk attracts scientific interest because of its unique combination of 
strength and extensibility that make it one of the toughest materials known [1-3]. Two 
proteins, major ampullate spidroin 1 (MaSp1) and 2 (MaSp2), comprise dragline silk 
fibers and assemble a structure that provides outstanding mechanical properties [1-3]. 
The secondary structure of spider dragline silk has been studied using solid-state NMR 
and X-ray diffraction (XRD) [4-10]. The repetitive motifs, poly(Ala) and poly(Gly-Ala), 
constitute the β-sheet nanocrystalline domains [4, 8, 10]. Gly-Pro-Gly-XX and Gly-Gly-
X motifs form type Ⅱ β-turn and disordered 31-helical structures, respectively [4, 8, 9]. 
Interaction with water causes spider dragline silk to contract up to 50% in length and 
swell in diameter, a process known as supercontraction [11-13]. This process is 
accompanied by an increase in extensibility and a decrease in stiffness [11-13]. Recently, 
we elucidated the molecular structural and dynamical changes for Gly-Pro-Gly-XX 
regions in supercontracted (wet) spider dragline silk using solid-state NMR [9, 14].  
Although the results help to understand the increased extensibility observed in wet, 
supercontracted silk, they do not explain the decrease in stiffness. The β-sheet regions 
highly correlates with the stiffness of spider dragline silk [15, 16].  Previous studies 
showed that no major secondary structural change occurs and the β-sheet nanocrystalline 
regions lose the local orientational order along the fiber axis in supercontracted dragline 
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silk [7, 16-19]. However, the disordering of the β-sheet nanocrystalline regions cannot 
explain supercontraction behavior because the minor ampullate silk shows similar 
reorientation in wet silk but no contraction of the fiber.[6b] In the current work, we present 
the molecular dynamic studies for Ala residing regions, dominantly present in β-sheet 
domains, for spider dragline silk in both dry and wet states. The results provide molecular 
insight into the mechanical property changes in supercontracted silk fibers. 
The molecular dynamics of spider dragline silk proteins are investigated by 
deuterium (2H) solid-state NMR. 2H quadrupole line shapes and spin-lattice relaxation 
times (T1) deliver rich information about molecular motion and geometry [20-22]. Poor 
resolution of one-dimensional (1D) 2H NMR limits its applications to spider silk studies, 
where site-specific isotope labeling is difficult or impossible [23]. To overcome this, we 
recently developed a two-dimensional (2D) 2H-13C heteronuclear correlation (HETCOR) 
magic angle spinning (MAS) NMR technique to extract site-specific 2H line shapes for 
systems with multiple isotope labeled sites [24]. In addition, a NMR technique was 
developed to indirectly measure 2H T1 with 13C-detected 2H-13C CP experiment in a site-
specific fashion [24]. In the current work, the two NMR techniques were implemented to 
investigate the molecular dynamics of spider dragline silk fibers.  
Materials and Methods 
Sample Preparation 
The isotope labeled dragline silk was collected from adult spiders using a method 
as described in previous studies [25]. The silking process was monitored under a 
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microscope to assure only collection of major ampullate silk and avoid contamination 
from minor ampullate silk. The isotope labeled silk was collected from N. clavipes 
spiders that were fed with 45-55 µl 16% (w/v) U-[2H4,13C3,15N]-Ala (Cambridge 
Isotopes, Andover, MA) aqueous solution during each forcible silking process. The 
spiders were fed with crickets once a week. Supercontracted (wet) silk samples were 
soaked in deuterium-depleted water for at least 2 hours to achieve saturation prior to 
NMR experiments.  
NMR Spectroscopy 
Solid-state NMR experiments were conducted on a Varian VNMRS 400 MHz 
spectrometer equipped with a 3.2 mm MAS probe operating in a triple resonance mode 
(1H/13C/2H) at room temperature (298 K). Heating effects caused by spinning leads to an 
actual sample temperature of 303 K. 2H-13C HETCOR MAS and 13C-detected 2H T1 
measurement experiments were set up as described in one of our recent publications [24]. 
In the 2H-13C HERCOR experiments, a 91 kHz (2.75 µs π/2 pulse) 2H rf field was 
employed and a ~2 kHz 2H GARP decoupling was utilized during signal acquisition. The 
13C and 2H chemical shifts were indirectly referenced to the adamantane downfield 
resonance at 38.56 ppm and the D2O resonance at 4.788 ppm, respectively. Experiments 
were performed using a 10 kHz MAS frequency for both dry (native materials) and wet 
(supercontracted) silk and have the following additional parameters: 
    - 2D 2H-13C HETCOR MAS experiment: 25 kHz sweep width in 13C dimension, 500 
kHz sweep width with 140 t1 points in 2H dimension, 40.96 ms acquisition time, 1.4 ms 
2H-13C CP contact time, a recycle delay of 0.75 s and 1024 scans. To obtain a 2H-13C 
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chemical shift correlation spectrum with higher resolution, a 2D 2H-13C HETCOR MAS 
NMR experiment was performed with rotor-synchronized sampling (10 kHz sweep 
width) and 48 t1 points in 2H dimension.  
    - 1D 2H-13C CP-MAS experiment: 25 kHz sweep width, 40.96 ms acquisition time, 1.4 
ms 2H-13C CP contact time, 0.75 s relaxation delay time and 4096 scans. 
    - 13C-detected 2H T1 measurement though 2H-13C CP experiment: 25 kHz sweep width, 
40.96 ms acquisition time, 1.4 ms 2H-13C CP contact time, 1 s recycle delay time (3 s for 
supercontracted, wet silk) and 10240 scans (1664 scans for supercontracted, wet silk). 
    - 2H solid-echo experiment: 500 kHz sweep width, 142.88 ms acquisition time, a 
recycle delay of 0.75 s and 15360 scans. The rotor-synchronized delay between the two 
π/2 pulses was 100 µs. 20 µs delay was set between the second π/2 pulse and the 
beginning of data acquisition. The acquired FID was left shifted by 46 points prior to 
Fourier transform during data processing to correct spectrum phase.  
    - 2H one-pulse experiment: 500 kHz sweep width, 142.88 ms acquisition time, a 
recycle delay of 0.75 s and 15360 scans, 20 µs delay between the π/2 rf pulse and the 
beginning of acquisition. During data processing, the raw FID was left shifted by 49 
points prior to Fourier transform to eliminate spectrum phase distortion caused by 
transmitter ring down. 
    - 1D 2H liquid-state NMR spectra were collected on an Agilent Inova 500 MHz 
spectrometer equipped with a 5 mm Inverse Direct Broadband PFG Probe. The 
experiments were performed on hydrolyzed U-[2H4,13C3,15N]-Ala and 2H3-Ala labeled 
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silk. About 1 mg of each silk sample was hydrolyzed in 6 M HCl for 2 days at 108 °C, 
then reconstituted in 700 µl H2O and transferred to a 5 mm NMR tube. Data was acquired 
using the lock channel. The pulse sequence is a π/2 deuterium excitation pulse followed 
by data acquisition. Additional experimental parameters include 1535.63 Hz sweep 
width, 2.049 ms acquisition time and a recycle delay of 5 s.  
2H NMR Quadrupole Line Shape Simulation  
The 2H MAS quadrupole line shape simulation was conducted using 
SPINEVOLUTION 3.4.4 software packages [26]. All simulations were performed with 
the ASG powder orientation calculation scheme. (CQ=160 kHz and η=0) and (CQ=167 
kHz and η=0) were used for methyl and methine deuterium, respectively [27, 28]. For the 
Ala backbone motion where the entire methyl group undergoes two site reorientation, 
simulations were performed with various reorientation angles and rates, and, compared 
with experimental data to find the best match. 
Results and Discussion 
In the current work, NMR experiments are performed on silk collected from N. 
clavipes spiders, where U-[2H4,13C3,15N]-Ala was dissolved in their water supply. Liquid-
state NMR of the hydrolyzed silk reveals that the deuterium is enriched at multiple sites 
in the silk proteins (Figure 5.S1). This further illustrates the requirement for utilizing 2D 
2H-13C HETCOR to extract site-specific deuterium spin information. The 2H J-coupling 
patterns shown in liquid-state NMR indicates that 2H-13C pairs selectively label the Ala 
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residues in the silk proteins (Figure 5.S1), making the sample ideal for 2D HETCOR 
MAS NMR for probing spider silk dynamics. 
 
2D 2H-13C HETCOR experiments were first performed on dry dragline silk fiber 
(referring to the native material). A 2D 2H-13C HETCOR experiment was conducted with 
rotor-synchronized sampling in the 2H dimension to eliminate the sidebands and collect a 
high-resolution chemical shift correlation spectrum. As shown in Figure 5.1, the 2H-13C 
correlation is only observed for directly bonded spin pairs for both Ala methyl and 
methine groups. This illustrates the site-specificity of the 2H quadrupole line shapes 
extracted from the 2D HETCOR MAS experiments. Two 2H-13C correlations were 
observed for Ala methyl groups with a 13Cβ chemical shift of 17.4 ppm and 20.9 ppm, 
that correspond to residues present in β-sheet and 31-helical regions, respectively [4, 9]. 
2H quadrupole line shapes were obtained from a 2D 2H-13C HETCOR MAS experiment 
having a spectral width larger than the 2H quadrupolar interaction. The 2D spectrum and 
Figure 5.1. 2H-13C HETCOR MAS NMR spectrum for N. clavipes dragline silk collected from 
spiders fed with U-[2H4,13C3,15N]-Ala aqueous solution. Rotor-synchronized sampling in 2H 
dimension was used to eliminate sidebands and obtain a narrow spectral-width high-resolution 
correlation spectrum. The 2H-13C correlation is indicated for each Ala site in the spectrum (red 
lines).  
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the extracted Ala 2Hα and 2Hβ quadrupole line shapes are displayed in Figure 5.2. 2H 
quadrupole patterns correlating to the two different Cβ resonances (17.4 ppm and 20.9 
ppm) are identical, indicating that Ala 2Hβ present in the β-sheet and 31-helical regions 
possess the same quadrupole line shapes. 2H quadrupole line shape simulations were 
conducted and compared with experimental data to interpret the dynamics for these 
regions. As shown in Figures 5.2B and C, Ala methyl deuterium clearly undergo three 
site reorientations along the C3V axis in the fast motion regime (>108 s-1) as expected. In 
addition, the experimental Ala 2Hα line shape agrees well with a static MAS pattern 
(Figures 5.2D and E), illustrating the rigidity of the local backbone environment (< 102 s-
1) for Ala-rich regions in dry, native dragline silk.   
When silk is wet and supercontracted, signal losses were observed for both Ala 
Cα and Cβ in the 1D 2H-13C CP-MAS experiments (Figure 5.S2). No Ala Cβ signal is 
observed for the 31-helical motifs because they become extremely mobile when in contact 
with water resulting in inefficient CP between 2H and 13C. The previously reported Ala 
31-helical content is 18% for N. clavipes dragline silk [10], which cannot explain the 34% 
Cβ signal loss observed in 1D CP-MAS spectrum when silk is wet. There must be a CP 
signal loss due to Ala present in β-sheet regions that interact with water in wet silk fibers. 
Further, the 2D HETCOR NMR spectrum of wet, supercontracted silk shows that Ala 
2Hα and 2Hβ quadrupole line shapes are identical with those of dry, native silk. The 
observed Ala 2H line shapes for β-sheet regions in wet silk correspond to the population 
that remain rigid when the silk is supercontracted. Thus, for this portion of Ala residues 
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located in β-sheet motifs in wet silk, the methyl deuterium undergo fast three sites 
reorientation (>108 s-1) and backbone is rigid (<102 s-1).  
 
The dynamic timescale of the three site reorientation for Ala side-chain is 
determined as larger than 108 s-1, where 2H quadrupole line shape cannot provide the 
exact motional rate [29-31]. 2H T1 is an alternative tool for exploring molecular dynamics 
on the 108 s-1−1012 s-1 timescale [20-22]. In the present work, 2H T1s are indirectly 
Figure 5.2. (A) 2H-13C HETCOR MAS NMR spectrum for N. clavipes dragline silk collected 
from spiders fed with U-[2H4,13C3,15N]-Ala aqueous solution. (B) Ala 2Hβ quadrupole line 
shapes extracted from the 2D spectrum. (C) Simulated 2H quadrupole line shape for methyl 
deuterium undergoing three site reorientations about the C3V symmetry axis in the fast motion 
regime (>108 s-1). (D) Ala 2Hα quadrupole line shape extracted from the 2D spectrum. (E) 
Simulated 2H quadrupole line shape for rigid (<102 s-1) deuterium. All simulations were 
conducted using SPINEVOLUTION package [26]. 
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measured using 13C-detected 2H-13C CP-MAS NMR for both dry (native) and wet 
(supercontracted) silk.  The inversion-recovery data was fit to extract the 2Hβ T1s for Ala 
residues present in different secondary structures. The 2Hβ relaxation data could not be fit 
by a single exponential function for Ala residues in β-sheet domains. Instead, a good fit is 
obtained by adding a second exponential (the sum of squares of fitting residues is 10 
times smaller). Thus, two components (sub-regions) are distinguished for β-sheet motifs 
based on the data fit - 55% Ala possessing a 2Hβ T1 of 24 ms and 45% having a T1 of 157 
ms (Table 5.1). 2H quadrupolar interaction is the dominant T1 relaxation mechanism and 
has been hypothesized as the only relevant relaxation resource when investigating 
dynamics for various systems [7, 32-34]. When only this contribution to T1 is considered, 
the methyl deuterium three site reorientation rate is 3×109 s-1 and 2×1010 s-1 for the two 
components in β-sheet domains in spider dragline silk proteins, respectively. T1 is 
determined to be 35 ms for Ala 2Hβ located in 31-helical motifs, corresponding to a 
reorientation rate of 4.5×109 s-1. This motional rate is smaller than that of one component 
of β-sheet regions, that likely results from a tighter local side-chain packing environment 
in native dragline silk.  
For wet and supercontracted silk, the 13C-detected Ala 2Hβ relaxation data also 
show the presence of two components in Ala residing β-sheet domains. One constitutes 
84% and possesses an Ala 2Hβ T1 of 38 ms while the other one accounts for 16% and has 
a T1 of 569 ms (Table 5.1). This agrees with the existence of two different components 
explored by the Ala 2Hβ T1 measurement for dry, native silk. According to the relation 
between T1 and motional rate, three site reorientation rate for Ala methyl deuterium in 
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wet silk is determined as 5×109 s-1 and 7×1010 s-1 for the two components, respectively. 
Comparing with dry silk, a higher percentage was found for the component possessing a 
longer T1 and higher Ala 2Hβ reorientation rate in wet, supercontracted silk. This can be 
explained by this component exhibiting a lower CP efficiency due to a much higher 
mobility when silk proteins interact with water. This leads to the underestimated content 
for this component (16%) in wet silk fibers. Thus, the ratio of Ala residues residing in the 
two components in β-sheet domains is 55:45 based on T1’s measured for dry silk. In 
addition, due to the non-detectable CP signal, 2H T1 is not determined for Ala residues 
presenting in 31-helical regions for wet silk.  
Table 5.1.  Ala 2Hβ spin-lattice relaxation times for N. clavipes dragline silk fibers. The values 
are extracted from fits of 2H relaxation data (Figures 5.S3 and 5.S4). 
β-sheet 
silk sample component 1 
T1 (ms) 
component 2 
T1 (ms) 
31-helical 
 
T1 (ms) 
dry, native 24 157 35 
wet, supercontracted 38 569 ⎯ 
 
1D 2H solid-echo and one-pulse NMR experiments were conducted for the 
dragline silk in both dry and wet states. The spectra can be fit using a motionally 
averaged 2H quadrupole line shape and a rigid 2H pattern (Figures 5.3, 5.S5). Based on 
the 1D liquid-state 2H NMR and 2D HETCOR experiments, the motionally averaged 2H 
line shape should be assigned to Ala Hβ and the rigid 2H pattern to Ala Hα, Gly Hα and 
Glx Hβ. Compared with dry silk, a significant signal loss is observed for the extracted 
Ala 2Hβ pattern for wet silk – 50% loss in 2H solid-echo and 55% in one-pulse 
experiments (Figures 5.3A and 5.S5). The center peak does not show significant signal 
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increase in the spectrum of wet silk, ruling out the possibility that the signal loss of Ala 
2Hβ pattern is caused by the deuterons becoming isotropic. Further, in the spectrum of 
wet silk, the 2H center and ±1/2 spinning sideband peaks exhibit much broaden line 
width, especially at ≤10% peak height (Figure 5.3A). For example, the center peak in the 
spectrum of wet silk shows a line width at 5% peak height three times as large as that of 
dry silk. This indicates the existence of a 2H quadrupole pattern having large peak width. 
Indeed, fitting residuals of 2H spectra indicate the presence of positive broad peaks for 
supercontracted (wet) silk (Figure 5.3B). This differs from the case of dry silk, where 
fitting residuals have intensities close to zeros with several discontinuous outlier points 
caused by an imperfectly phased experimental spectrum (Figure 5.S5). Thus, the 
decreased Ala 2Hβ signal could be explained by the molecular dynamics change for a 
portion of the deuterons when silk proteins interact with water. The corresponding 
molecular dynamics leads to a 2H MAS quadrupole pattern consisting of much broader 
peaks and a significantly reduced 2H spin-spin relaxation time (T2). 2H line shape 
simulation reveals that the broad residual peaks agree very well with the quadrupole 
pattern of methyl deuterium undergoing an additional motion in microsecond domain 
besides the fast three site reorientation (Figure 5.3C). This can be illustrated by a simple 
model, where the entire methyl group reorients between two sites separated by 80° along 
an external axis. Considering Ala contains no additional bond on the side-chain to serve 
as a reorientation axis for the methyl group, the reorientation axis must be the local 
backbone axis. Therefore, this microsecond motion is the local backbone reorienting 
along its long axis. Overall, it illustrates that the local backbone undergoes anisotropic 
reorientation at two sites separated by 80° along its long axis with a rate of 1×106 s-1 
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(Figure 5.3C). Similar anisotropic motion about the long axis of the molecule was 
previously observed in other bio-systems like collagen fibrils [22].  Here, according to 
the signal loss observed in 1D 2H data, Ala residues possessing such motion account for 
50-55%. This type of Ala is likely located in two different domains - 31-helical motifs 
and partial β-sheet regions. This potion of β-sheet region should be one of the two 
components identified by the T1 measurements as discussed above.  
Table 5.2. Protein local backbone and side-chain dynamics proposed for Ala residing regions in 
N. clavipes dragline silk fibers. 
 β-sheet sub-region 1 β-sheet sub-region 2 31-helical region 
[a]Ala percentage 45-50% 37-40% 10-18% 
backbone  <102 s-1 <102 s-1 <102 s-1 dry, native  side chain  3×109 s-1 2×1010 s-1 4.5×109s-1 
backbone  <102 s-1 1×106 s-1 1×106 s-1 wet, 
supercontracted side chain  5×109 s-1 7×1010 s-1 >4.5×109s-1 
[a] the percentage out of the total Ala residues in silk fiber. 
 
To summarize, two types of motifs are distinguished with different molecular 
dynamics for β-sheet domains in spider dragline silk proteins. Here, we use β-sheet sub-
region 1 and 2 to refer to the domains with slower and faster molecular motions, 
respectively. Based on the 2H T1 measurement as discussed above, the ratio between β-
sheet sub-region 1 and 2 is 55:45. Further, 1D 2H signal loss observed for supercontracted 
silk indicates that the sum of Ala residues residing in β-sheet sub-region 2 and 31-helical 
motifs accounts for 50-55%. Considering Ala residues are only present in β-sheet and 31-
helical structures in silk protein repetitive domains, the percentage of Ala in β-sheet sub-
region 1, 2 and 31-helical regions is 50-55%, 37-40% and 10-18%, respectively. In the 
present work, the local backbone and side-chain dynamics are elucidated for the three 
domains by 2H NMR. Table 5.2 lists the summarized molecular dynamics for N. clavipes 
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dragline silk. It illustrates that water access 50%-55% Ala residues (β-sheet sub-region 2 
and 31-helical motifs) in supercontracted dragline silk. This is consistent with previous 
deuterium exchange study where 50% Ala in N. clavipes dragline silk were found to be 
permeable to water [36]. 
 
 
Figure 5.3. (A) 2H solid-echo MAS spectra for N. clavipes dragline silk collected from spiders 
fed with U-[2H4,13C3,15N]-Ala aqueous solution. Centerband (cb) and +1/2/3 spinning 
sidebands (ssb) are expanded and shown on the right for comparison. The spectrum of 
supercontracted silk is slightly shifted to the right in the figure for better visualization. (B) 2H 
solid-echo spectrum fit for supercontracted silk. Fittings are performed using DMFit software 
[35]. (C) Experimental (black) and simulated (red) Ala 2Hβ line shapes. The experimental data 
is the fitting residual shown in B. Simulation was performed for methyl groups with a 
particular molecular motion - the entire methyl group undergoing reorientation between two 
sites at an angle θ with a rate k while each methyl deuterium undergoes fast three sites 
reorientation about the C3V symmetry axis. The simulated spectrum shown in the figure is 
obtained with θ=80° and k=1×106 s-1. The schematic representation for the motion is displayed 
on the upper right. Simulations are conducted using SPINEVOLUTION package [26]. 
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Previous solid-state NMR studies of spider dragline silk showed that poly(Ala) 
and poly(Gly-Ala) form β-sheet structures [4, 5, 7-10]. It is noted from the MsSp1 
primary sequence that poly(Gly-Ala) motifs are located between poly(Ala) and the 
disordered helical domains [37]. This specific interfacial position makes the poly(Gly-
Ala) motifs undergo faster motion than poly-Ala β-sheet core domains. Thus, it is logical 
to assign poly(Gly-Ala) and poly-Ala domains to β-sheet sub-region 2 and 1 in MaSp1, 
respectively (Figure 5.4). In MaSp2, poly-Ala β-sheet crystalline regions connect with 
flexible type Ⅱ β-turn motifs [4, 5, 7-18, 38].  In this case, partial poly(Ala) motifs are 
located at the interfacial positions connecting the flexible regions and β-sheet core 
Figure 5.4. Proposed protein local backbone and side-chain dynamics for N. clavipes dragline 
silk. (A) Primary amino acid sequences for MaSp1 and MaSp2 repetitive motifs. Ala residues 
are highlighted for β-sheet sub-region 1 (orange), β-sheet sub-region 2 (green) and 31-helical 
region (cyan). (B) Molecular dynamics model for 31-helical region. (C) Molecular dynamics 
model for β-sheet sub-region 1. (D) Molecular dynamics model for β-sheet sub-region 2. The 
side-chain motion is Ala methyl deuterium undergoing three site reorientations along the C3V 
symmetry axis. For wet (supercontracted) silk in B and D, the backbone motion is rotation 
along the local backbone long axis and represented by reorientation between two sites 
separated by 80° with a rate of 10-6 s-1. 
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domains, and, exhibit faster molecular motions (Figure 5.4). Taking into account the 
protein primary sequences and the ratio between MaSp1 and MaSp2 [37-39], a molecular 
dynamics model is proposed for spider dragline silk protein in both dry and wet states 
(Figure 5.4). 
Conclusion 
β-sheet sub-region 1 and 2 is located in the β-sheet core domain and the 
interfacial position connecting with disordered motifs, respectively. Thus, being impacted 
differently by the disordered motifs, the two regions present unique molecular dynamics.  
In dry (native) silk, the local backbones appear static (<102 s-1) for all Ala residing 
domains. For wet (supercontracted) silk, β-sheet sub-region 2 and 31-helical domains 
exhibit microsecond local backbone reorientation because of interaction with water. 
Although major structures remain unchanged [4, 5, 7-10, 17-19]. the microsecond motion 
exhibited by β-sheet sub-region 2 disrupts the inter-chain hydrogen bonding which in 
turn leads to a decrease in stiffness for wet, supercontracted silk. In addition, water 
molecules mobilize and soften the helical regions when silk is wet, contributing the 
increase in extensibility. Overall, the present work provides a structural and dynamic 
explanation for the decreased stiffness and increased extensibility observed for wet, 
supercontracted spider dragline silk. 
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Supplementary Materials  
	  
Selective 2H labeling is difficult or impossible to achieve for native spider silk 
proteins. In previous studies (A.H. Simmons, et.al., Science, 271 (1996), 84-87.), isotope 
labeled silk fibers were prepared by feeding spiders with 2H3-Ala for 1D 2H solid-state 
NMR, aiming at obtaining site-specific Ala methyl deuterium quadrupole line shapes and 
T1s.  However, as shown in Figure 5.S1B, this method has deuterium enriched at the Ala 
and Gly 2Hα, which would lead to misinterpreting data in conventional 1D 2H NMR. The 
difficulty of selective labeling limits the utilization of 1D 2H solid-state NMR to extract 
correct 2H quadrupole patterns for a given site. This leads to the development and 
implementation of 2D NMR experiments such as the 2H-13C HETCOR used in the 
current study. The 2H spectra displayed in Figure 5.S1A indicates that feeding spiders 
Figure 5.S1. 2H liquid-state NMR spectra for hydrolyzed isotope labeled spider dragline silk. 
Silk fibers were collected from N. clavipes spiders fed with (A) U-[2H4, 13C3, 15N]-Ala and (B)  
2H3-Ala aqueous solution.  
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with U-[2H4,13C3,15N]-Ala has deuterium enriched at Ala Hα and Hβ, Gly Hα, and Glx 
Hβ sites for silk protein. The J-splitting patterns imply that 2H-13C pairs are only 
incorporated into Ala residues, that is ideal for 2H-13C HETCOR MAS NMR. 
 
 
	  
	  	  
Figure 5.S2. 1D 2H-13C CP-MAS spectrum for (A) dry and (B) wet, supercontracted N. 
clavipes dragline silk collected from spiders fed with U-[2H4,13C3,15N]-Ala aqueous solution. 
Two Cβ chemical shifts are observed as shown in the figure, corresponding to the Ala residues 
present in two different secondary structures in silk. The resonances were assigned based on 
previous NMR studies. The two spectra were collected under same experimental condition 
and processed using same parameters. No signal was detected for 31-helix region and a 34% 
signal loss was observed for Ala Cβ resonance when silk is wet, supercontracted. 
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The Ala 2Hβ T1s were measured indirectly through 13C-detected 2H-13C CP 
experiments. Figure 5.S3 displays T1 inversion recovery curve fittings. The Ala Cβ 
integrals for residues in β-sheet and 31-helical regions were obtained from deconvoluting 
the overlapped Cβ peak (conducted using DMFit program). An exponential function fits 
the data of 31-helix component very well. The 2Hβ relaxation data for Ala residues in β-
sheet domains cannot be fit using a signal exponential function. By adding a second 
exponential function, a good fit was obtained and the sum of squares of fitting residuals 
dropped by a factor of 10. It illustrates that two components with different Ala 2Hβ T1s 
are present in β-sheet domains. The curve fittings show that the corresponding Ala 
percentages for the two components are 55% for the one with a T1 of 24 ms and 45% for 
the other having a T1 of 157 ms.  
 
Figure 5.S3. 13C-detected Ala 2Hβ T1 inversion recovery curves for N. clavipes dragline silk 
from spiders fed with U-[2H4,13C3,15N]-Ala aqueous solution. Curve fittings are shown for Ala 
residues located in β-sheet domains (&) and 31-helical regions (%). 
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Figure 5.S4. 13C-detected Ala 2Hβ T1 inversion recovery curve for supercontracted N. clavipes 
dragline silk from spiders fed with U-[2H4,13C3,15N]-Ala aqueous solution. The peak integrals 
are Cβ signals for Ala residues residing in β-sheet regions, which is the only detected Ala Cβ 
resonance in this experiment (Figure 5.S2). A single exponential function cannot fit the data 
well. By adding another exponential function, a good fit is obtained (the sum of squares of 
residuals is 6 times less). Based on the fit, the percentages are 84% and 16% for the two 
components, respectively.  
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Calculating molecular motional rate using 2H T1 
The quadrupolar interaction is the dominant relaxation resource for deuterium in 
solids. When the interaction is reduced by a specific molecular motion, a mathematical 
formula can be developed between 2H T1 and the motional rate. In the current study, Ala 
2Hβ three site reorientation rates are determined for silk proteins based on the relation 
with T1s. The calculation process is as follows. 
For deuterium undergoing three site reorientation, one would find (D.A. Torchia, 
J. Magn. Reson., 49(1982), 107-121): 
 
where, 
 
for methyl group, Θ=70.5° and τ=(3k)-1 and k is the three site reorientation rate. (θ,φ) are 
the polar angles that define the orientation of the external filed in the crystal-fixed 
coordinate system. The methyl 2H quadrupole line shape depends on θ, not φ, because the 
quadrupolar asymmetry parameter η=0. Thus, for a specific θ, one has:  
€ 
1/T1 = (ωQ2 /8)[τ /(1+ω 2τ 2)(A1B4 + A2B5 − 8A3B3 cos3ϕ) +τ /(1+ 4ω 2τ 2)(4A1B5 + A2B6 − 8A3B3 cos3ϕ)]
€ 
A1 = sin2(2Θ)
A2 = sin4 (Θ)
A3 = sin3(Θ)cos(Θ)
B1 = sin2(2θ)
B2 = sin4 (θ )
B3 = sin3(θ )cos(θ )
B4 = cos2(θ ) + cos2(2θ)
B5 = sin2(θ ) + 0.25sin2(2θ )
B6 =1+ 6cos2(θ ) + cos4 (θ )
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For a specific angle θ, k can be calculated using the above function and the 
experimentally measured T1. In the present work, the methyl deuterium three site 
reorientation rate is considered as the average of the rates of two cases, θ=0 and θ=π/2. 
	  
	  
€ 
1/T1 =
(ωQ2 /8)[τ /(1+ω 2τ 2)(A1B4 + A2B5 − 8A3B3 cos3ϕ) +τ /(1+ 4ω 2τ 2)(4A1B5 + A2B6 − 8A3B3 cos3ϕ)]dϕ
0
2π
∫
ϕdϕ
0
2π
∫
= (ωQ2 /8)[τ /(1+ω 2τ 2)(A1B4 + A2B5) +τ /(1+ 4ω 2τ 2)(4A1B5 + A2B6)
Figure 5.S5. 2H solid-echo MAS data fit for dry N. clavipes dragline silk from spiders fed 
with U-[2H4,13C3,15N]-Ala aqueous solution. Two components are extracted from the fit - 
motionally averaged deuterium pattern and rigid deuterium pattern. During the fitting process, 
peak position and line width are well defined by the center peak and ±5/6 spinning sidebands 
for the methyl deuterium and rigid deuterium components, respectively. The fitting residuals 
have intensities close to zero with several discontinuous outlier points due to imperfect 
spectrum phasing. Fittings are performed using DMFit software. In the present work, same fits 
were performed on the 2H one-pulse data for the silk sample in both dry and wet states, and, 
similar fitting residuals were obtained as show. 
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CHAPTER 6 
Elucidating Proline Dynamics in Spider Dragline Silk Fiber Using 2H-13C HETCOR 
MAS NMR 
Introduction 
Orb-weaving dragline silk fiber possesses outstanding mechanical properties – a 
combination of stiffness, toughness and extensibility [1, 2]. Two proteins, major 
ampullate spidroin 1 and major ampullate spidroin 2 (MaSp1 and MaSp2), are the 
primary components of dragline silk from most orb-weaving spiders, including A. 
aurantia (a common garden spider collected in California) [3]. MaSp1 and 2 are 
composed of highly repetitive amino acid motifs with unique secondary structures [2, 4-
8].  Solid-state NMR revealed that poly-Ala (typically 5-8 Ala units long) and poly-(Gly-
Ala) motifs found in both MaSp1 and 2 proteins are arranged into β-sheet structures in 
spider silk fibers, and are believed to be the primary source of fiber strength and stiffness 
[4, 5, 8]. Gly-Gly-X domains form disordered 31-helical structures and are primarily 
found in MaSp1 [4, 5, 8]. While Gly-Pro-Gly-XX (GPGXX) domains are exclusively 
found in MaSp2 and form disordered type II β-turn structures, thought to be partially 
responsible for dragline spider silk’s extensibility [6]. When exposed to water, spider 
dragline silk shrinks up to 50% in length and swells in diameter [9, 10]. This phenomenon 
is known as supercontraction and is accompanied by a decrease in fiber stiffness and loss 
of molecular structural order along the fiber axis [9-12]. Previous studies suggest that silk 
supercontraction correlates to its Pro content [13]. Pro residues reside exclusively in the 
GPGXX motif [3]. Understanding the dynamics of proline, and hence the GPGXX 
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domain in MaSp2, will provide insight into the supercontraction mechanism and the  
silk’s extensibility.  
Deuterium (2H) NMR line shapes and spin-lattice relaxation times (T1) provide 
extensive information about molecular dynamics and geometry [14]. One-dimensional 
(1D) 2H experiments exhibit poor resolution caused by the large quadrupolar interaction 
and small chemical shift dispersion. Furthermore, labelling 2H at specific groups is 
difficult or impossible for natural biopolymers [15]. Our research group has recently 
developed a two-dimensional (2D) 2H-13C heteronuclear correlation (HETCOR) magic 
angle spinning (MAS) NMR technique for extracting site-specific 2H line shapes for 
systems with multiple isotope labeled sites [16]. The HETCOR NMR experiment was 
accomplished using cross-polarization (CP)-MAS under carefully calibrated experimental 
conditions.  Further, a method was developed to indirectly measure 2H T1 through 2H-13C 
CP-MAS in a site-specific manner and was successfully applied to several model systems 
[16]. A. aurantia dragline silk was chosen for this study, because it contains a high 
abundance of MaSp2, and therefore it is more Pro-rich compared to the other dragline 
silks [17]. In present work, 2H-13C HETCOR MAS experiments were performed on 
dragline silk collected from spiders fed with a U-[2H7,13C5,15N]-Pro aqueous solution. Pro 
molecular dynamics were probed for both dry (native material) and supercontracted (wet) 
dragline spider silks. 
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Materials and Methods 
Sample Preparation 
A. aurantia dragline silk was collected from adult female spiders using the 
forciable silking method as described in previous studies [18]. The silking process was 
monitored under a microscope to avoid contamination from minor ampullate silk. The U-
[2H7,13C5,15N]-Pro labeled dragline silk were obtained from A. aurantia spiders fed with 
30-40 µl 16% (w/v) U-[2H7,13C5,15N]-Pro (Cambridge Isotopes, Andover, MA) during 
every silking process. The spiders were fed with crickets once a week. The dry silk 
sample refers to material used without any further processing after collecting from 
spiders. Supercontracted (wet) silk samples were soaked in deuterium-depleted water for 
at least 2 hours to achieve saturation prior to NMR experiments.  
NMR Spectroscopy 
Solid-state NMR experiments were conducted on a Varian VNMRS 400 MHz 
spectrometer equipped with a 3.2 mm MAS probe operating in triple resonance mode 
(1H/13C/2H) at room temperature (25 °C). Sample heating due to MAS results in an actual 
sample temperature of 30 °C (temperature was calibrated with lead nitrate [19]). 2H-13C 
MAS HETCOR and 2H T1 indirect detection experiments were set up as described in a 
recent publication [16].	  In the 2H-13C HETCOR experiments, 91 kHz (2.75 µs π/2 pulse) 
2H rf field was employed and a ~2 kHz 2H GARP decoupling was utilized during signal 
acquisition. The 13C and 2H chemical shifts are indirectly referenced by setting 
adamantane downfield resonance to 38.56 ppm and D2O resonance to 4.788 ppm, 
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respectively. Experiments were performed using 10 kHz MAS spinning rate and the 
following additional parameters: 
    - 2D 2H-13C HETCOR CP-MAS experiment: 25 kHz sweep width in 13C dimension, 
500 kHz sweep width with 256 t1 points in 2H dimension, 40.96 ms acquisition time, 2 
ms 2H-13C CP contact time, a recycle delay of 2.5 s and 224 scans. In order to obtain 2H-
13C chemical shift correlation spectrum with higher resolution, another 2D 2H-13C 
HETCOR CP-MAS experiment with rotor-synchronized sampling in 2H dimension was 
performed using 10 kHz sweep width with 64 t1 points in 2H dimension.  
    - 13C-detected 2H T1 measurement though 2H-13C HETCOR CP-MAS: A composite π 
pulse ((π/4)x-(π)y-(π/2)-x-(π)y-(π/4)x) is used as the 2H inversion pulse in the pulse 
sequence.S3 The additional experimental parameters were 25 kHz sweep width, 40.96 ms 
acquisition time, 2 ms 2H-13C CP contact time, 5 s recycle delay time and 512 scans.  
    - 2H solid-echo MAS experiment: 500 kHz sweep width, 40.96 ms acquisition time, a 
recycle delay of 3 s and 2944 scans. The rotor-synchronized delay between the two π/2 
pulses was 100 µs (rotor-synchronized for 10 kHz MAS). 20 µs delay was set between 
the second π/2 pulse and the beginning of acquisition. The acquired FID was left shifted 
46 points to the echo maximum prior to Fourier transform in order to correct spectrum 
phase.  
    - 2H one-pulse MAS experiment: 500 kHz sweep width, 40.96 ms acquisition time, a 
recycle delay of 4 s and 2944 scans. 20 µs delay was set between the π/2 rf pulse and the 
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beginning of acquisition. During data process, the raw FID was left shifted 49 points to 
eliminate spectrum phase distortion caused by probe ring down. 
1D 2H liquid-state NMR data was collected on an Agilent Inova 500 MHz 
spectrometer equipped with a 5 mm Inverse Detect Broadband PFG Probe. The 
experiment was performed on U-[2H7,13C5,15N]- Pro labeled silk. About 1 mg silk sample 
was hydrolyzed in 6 M HCl for 2 days under 108 °C, then reconstituted in 700 µl H2O 
and transferred to 5 mm NMR tube. Data was acquired using the lock channel. The NMR 
pulse sequence is a π/2 deuterium excitation pulse followed by data acquisition. 
Additional experiment parameters are: 1535.63 Hz sweep width, 2.049 ms acquisition 
time and a recycle delay of 5s.  
2H NMR Line Shape Simulation 
Deuterium MAS quadrupole line shapes were simulated using 
SPINEVOLUTION 3.4.4 software packages [20]. All simulations were conducted with 
the ASG powder orientation calculation scheme. For proline in dry silk, the MAS line 
shapes were calculated using a CD2 group undergoing fast two-site reorientations with 
CQ=170 kHz and η=0 [21]. Simulations were performed for various two-site reorientation 
angles to find the best one matching with experimental data for the different CD2 groups 
on the proline sidechain. A deuterium three-site reorientation model was used to simulate 
the microsecond proline backbone motion occurring in supercontracted (wet) silk. The 
averaged EFG principle axis system was set to reorient between (θ, 0), (θ, 120) and (θ, 
240). Simulations were performed with various θ and reorientation rates and compared 
with experimental data to find the best match. 
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Results and Discussion 
1D liquid-state 2H NMR shows that Pro side-chain CD2 groups and backbone CD 
were labeled by 2H for the silk samples (Figure 6.S1). The 2H J-splitting patterns indicate 
that all the 2H labeled groups were also enriched with 13C. This selective amino acid 
labelling with 2H-13C pairs is ideal for 2D HETCOR MAS NMR experiments for 
dynamic studies. HETCOR MAS NMR experiments were performed on this dragline 
silk. A 2D NMR experiment with a small spectral window and rotor-synchronized 
sampling in the 2H dimension was performed to obtain a 2H-13C chemical shift 
correlation spectrum (Figure 6.1). As shown in the projection of the spectrum, 13C signals 
were assigned to each Pro group based on the chemical shifts reported in previous studies 
[6]. The 2H-13C correlation was only observed between directly bonded spin pairs, 
illustrating the site-specific nature of the HETCOR MAS NMR experiment. 
 
2H line shapes were extracted from a 2D NMR experiment with a 2H spectral 
window larger than the deuterium quadrupolar interaction. The spectrum and extracted 
Figure 6.1.  2H-13C HETCOR MAS spectrum for U-[2H7,13C5,15N]-Pro labeled A.  aurantia 
dragline silk. Rotor-synchronized sampling in the indirect dimension was used to eliminate 
spinning sidebands and obtain a narrow spectral-width high-resolution spectrum.  The 2H-13C 
correlation is indicated for each Pro site in the spectrum (red lines). 
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2H line shapes are displayed in Figure 6.2. Pro side-chain molecular motion can be 
described by each CD2 undergoing a two-site reorientation. To interpret this motion for 
each site, 2H line shape simulations were conducted and compared with the experimental 
data (see Supplementary materials). It reveals that each deuterium on the side-chain 
undergoes fast two-site reorientation at an angle of 10°-15°, 15°-20° and 5°-10° for Pro 
2Hβ, 2Hγ and 2Hδ, respectively (Figure 6.2B). The corresponding reorientation rates are 
greater than 108 s-1. Pro residues in spider dragline silk (GPGXX motif) undergo much 
smaller reorientation angles when compared to crystalline proline [16, 21]. A static MAS 
pattern was observed for Pro 2Hα, illustrating the rigidity of the Pro backbone 
environment (<102 s-1) in dry spider dragline silk.  
The molecular dynamics of the Pro side-chain was determined to be >108 s-1, 
however, 2H line shape cannot provide the exact motional rate. 2H T1 is another NMR 
tool for characterizing the molecular motion on the picosecond - nanosecond timescale. 
In the current work, site-specific 2H T1 was indirectly measured through 13C-detected 2H-
13C CP-MAS experiments. 2H T1’s were determined to be 613 ms, 569 ms, 573 ms and 
561 ms for Pro 2Hα, 2Hβ, 2Hγ and 2Hδ, respectively (Figure 6.S3). The quadrupolar 
interaction is the dominant 2H T1 relaxation mechanism and has been hypothesized as the 
only relevant relaxation source when investigating 2H dynamics for various systems [7, 
22, 23]. If only the 2H quadrupolar interaction is considered, a two-site reorientation rate 
of 1.4×1010 s-1, 2.6×1010 s-1 and 5.3×109 s-1 is determined from the corresponding 
deuterium T1 for Pro 2Hβ, 2Hγ and 2Hδ, respectively (see Supplementary materials for 
calculation detail). When the silk is wet and supercontracted, 2H-13C CP signal was 
undetectable with reasonable NMR experimental time because of inefficient CP. This 
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indicates that the Pro-containing motifs interact strongly with water molecules when the 
silk is supercontracted exhibiting mobility that completely averages the 2H-13C dipolar 
interaction that facilitates CP.  
 
1D 2H solid-echo (Figure 6.3) and one-pulse (Figure 6.S4) MAS NMR 
experiments were conducted to probe Pro dynamics in the wet, supercontracted silk. 
These experiments illustrate that the large Pro 2H spinning sideband (SSBs) pattern 
Figure 6.2. (A) 2H-13C HETCOR MAS NMR spectrum for U-[2H7,13C5,15N]-Pro labeled A. 
aurantia dragline silk. (B) Pro 2H line shapes extracted from the 2D spectrum and the 
proposed dynamics for each site. Pro side-chain dynamics is described by each CD2 
undergoing fast reorientation between two sites separated by an angle θ. The angles are 
extracted from comparing experimental 2H line shapes with simulations (see Supplementary 
materials). 
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observed in dry silk are reduced to a central peak accompanied by one set of weak SSBs 
when the silk is wet. Significant signal loss was observed for the supercontracted silk in 
fully relaxed 2H solid-echo and one-pulse MAS NMR spectra (Figures 6.3A and 6.S4) 
compared to the dry silk. For the wet supercontracted silk, the central peak cannot be fit 
by one peak possessing a Lorentzian, Gaussian or combined lineshape. Instead, fits of 2H 
1D data indicate the existence of two components, a broad (~3.8 kHz FWHM) and 
narrow peak (~400 Hz FWHM) (Figures 6.3B and 6.S4). The broad component is 
indicative of microsecond dynamics for a Pro deuterium population. This dynamical 
process could be the motion of the Pro local backbone as no additional bond on the side-
chain is available for the CD2 undergoing another motion besides the fast two-site 
reorientations. This backbone motion can be described by a simple model were the entire 
Pro residue undergoes three site reorientation along an external axis with a rate of 3×106 
s-1 (Figure 6.3C). The axis is considered the long axis of the local protein backbone. The 
observed 2H signal loss is due to the short T2 of the broad component, a consequence of 
molecular dynamics in the microsecond regime. In contrast, the narrow component 
obtained from the fit corresponds to a Pro population that becomes extremely mobile due 
to strong interactions with water. This Pro mobile population accounts for 30-35% based 
on the signal loss of 2H 1D data of supercontracted silk compared to dry silk and the peak 
deconvolution (Figure 6.3B and 6.S4). Thus, 65-70% of the Pro residues undergo 3×106 
s-1 backbone motions when silk is wet and supercontracted. As the exhibits much higher 
mobility for supercontracted (wet) silk, the exact dynamical time scale for the Pro side-
chains could not be extracted from T1, that is no longer dominated by the 2H quadrupolar 
interaction. 
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    Pro residues exist exclusively in the MaSp2 protein and within the GPGXX 
motif. From the primary protein sequence, the GPGXX motifs typically repeat 3-5 times 
and are sandwiched between the poly-Ala and poly-(GA) β-sheet domains that form rigid 
b-sheets.3,8 Hence, it is reasonable to propose that the GPGXX motifs close to β-sheet 
regions (within two repeats) exhibit microsecond motions when the silk is 
supercontracted, because the dynamics are likely restricted by the flanking rigid β-sheet 
crystalline domains. In contrast, hydrated GPGXX motifs located further away from the 
Figure 6.3. (A) 2H solid-echo MAS NMR spectra for U-[2H7,13C5,15N]-Pro labeled A. aurantia 
dragline silk in the dry and supercontracted (wet) state. (B) 2H solid-echo MAS spectrum of 
supercontracted (wet) silk (black, same one as show in (a) and its fit (green). The central peak 
region is expanded and shown on the upper right. A broad (orange) and narrow (red) 
component was used for the fit. The asterisks indicate the spinning sidebands. (C) 
Experimental (orange) and simulated 2H line shape (blue).  The experimental line shape is the 
broad component extracted from the fit (shown in orange in b). Simulations were performed 
using SPINEVOLUTION [20] with a model of the entire Pro residue undergoing a three-site 
reorientation along an external axis with a rate of 3×106 s-1 (the schematic representation of the 
motion is show on the upper right). 
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β-sheet regions (>2 repeat units) are less constrained by the crystalline regions and 
undergo much faster, near isotropic motion. Combining the silk protein primary sequence 
with the molecular motion revealed by 2H NMR, a model is proposed for Pro side-chain 
and the local protein backbone in dry and wet, supercontracted silk (Figure 6.4).  
 
Figure 6.4. Proposed protein backbone and side-chain dynamics for Pro-containing motifs in 
A. aurantia dragline silk fiber. (A) Primary amino acid sequence of MaSp2 repetitive motifs. 
(B) Schematic representation of type II β-turn structure for Pro-rich motif. The shown 
structural element is Gly-Pro-Gly-Ala. (C) Pro side-chain dynamics in the native, dry silk 
fiber where the Pro side-chain CD2 undergo fast reorientation between two sites separated by 
an angle θ. Pro side-chains become much more mobile when the silk is wet, supercontracted 
(not shown). (d) Backbone dynamics. For wet, supercontracted silk, 65-70% of Pro-containing 
regions (highlighted in yellow in a) exhibit 3×106 s-1 backbone motion. The mobility of the 
remaining 30-35% Pro-rich regions (highlighted in purple in a) is near isotropic. 
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Conclusion 
    In the current work, molecular dynamics for the GPGXX regions in spider 
dragline silk were investigated with 2H-13C HETCOR MAS NMR. In native (dry) 
dragline silk, the local backbone dynamics appears static (<102 s-1), while the side-chains 
undergo fast two-site reorientations in the > 109 s-1 regime. For supercontracted (wet) 
silk, two different molecular motions are observed for the GPGXX units in MaSp2 from 
2H MAS NMR: 65-70% of the GPGXX regions exhibit 3×106 s-1 backbone motion, while 
the rest behave near isotropic. These two Pro populations are proposed to be within two 
units of the b-sheet domains and greater than two units from these rigid regions, 
respectively.  
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Figure 6.S1. Liquid-state 2H spectrum of hydrolyzed U-[2H7,13C5,15N]-Pro labeled A. aurantia 
dragline silk. Silk collected from spiders fed with U-[2H7,13C5,15N]- Pro aqueous solution. One-
bond 2H-13C J-splitting peak patterns are observed for Pro α, β, γ and δ groups. The 
corresponding J2H-13C constant is 23.4 Hz, 20.9 Hz, 20.6 Hz and 22.6 Hz for α, β, γ and δ 
group, respectively. The J-splitting effect (5.5 Hz) caused by 15N is also observed for 2Hδ. 
These J-splitting peak patterns indicate that Pro is selectively labeled by 2H-13C pairs at the 
different sites and no additional deuterium labeling occurred for any other amino acid to any 
appreciable extent.  
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Figure. 6.S2. Simulated 2H quadrupole line shapes for deuterium undergoing fast reorientation 
between two sites separated by θ. Simulations were conducted using SPINEVOLUTION 
software with CQ=170 kHz and η=0. In the current paper, Pro 2H molecular motions were 
proposed by comparing experimental deuterium line shapes with these simulations.  
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Calculating molecular motional rate using 2H T1 
The quadrupolar interaction is the dominant spin relaxation mechanism for 
deuterium in solids. When the interaction is reduced by molecular motion of the 
considered group, a specific mathematical relation can be developed between deuterium 
T1 and the molecular motional rate. In present study, 2H T1s were used to calculate 
molecular motional rate for Pro deuterium that undergo reorientation between two sites 
separated by an angle (Θ). The calculation process is as follows. 
For Pro deuterium which undergoes two sites reorientation (D. A. Torchia, J. Magn. 
Reson., 49(1982), 107-121), 
 
where, 
€ 
1/T1 = (ωQ2 /8)A1{τ /(1+ω 2τ 2)[B4 − (0.75B1 − B2)cos2ϕ]+τ /(1+ 4ω 2τ 2)(4B5 − 4B2 cos2ϕ)}
Figure 6.S3. 13C-detected Pro 2H T1 inversion recovery curves for U-[2H7,13C5,15N]-Pro labeled 
A. aurantia dragline silk. The T1 for each deuterium of Pro is shown in the figure.  
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€ 
A1 = sin2(2Θ)
B1 = sin2(2θ)
B2 = sin4 (θ )
B4 = cos2(θ ) + cos2(2θ)
B5 = sin2(θ ) + 0.25sin2(2θ )  
Θ=12.5°, 17.5° and 7.5° for Pro 2Hβ, 2Hγ and 2Hδ, respectively, according to the 2H line 
shapes determined in the current work. τ=(2k)-1 and k is the two sites reorientation rate. 
Pro 2H quadrupolar patterns are independent of φ because the quadrupolar asymmetry 
parameter η=0S5 ((θ,φ) are the polar angles that define the orientation of the external filed 
in the crystal-fixed coordinate system). Thus, for a specific θ, one would find, 
 
 
Using the experimentally measured T1, the two sites reorientation rate can be calculated 
using the above equation for the case of a specific θ. In the current work, for each 
deuterium on Pro side chain, the two sites reorientation rate is considered as the average 
of the rates of two cases - θ=0 and θ=π/2. 
 
 
 
 
 
€ 
1/T1 =
(ωQ2 /8)A1{τ /(1+ω 2τ 2)[B4 − (0.75B1 − B2)cos2ϕ]+τ /(1+ 4ω 2τ 2)(4B5 − 4B2 cos2ϕ)}dϕ
0
2π
∫
2πdϕ
0
2π
∫
= (ωQ2 /8)A1[τ /(1+ω 2τ 2)B4 +τ /(1+ 4ω 2τ 2)4B5
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Figure 6.S4.  2H one-pulse spectrum (black) and its fit (green) for wet, supercontracted U-
[2H7,13C5,15N]-Pro labeled A. aurantia dragline silk. Two components were extracted from the 
fit – a broad peak (orange) and a narrow peak (purple). The asterisks mark the weak spinning 
sidebands. The fitting process is the same as that shown in Figure 6.3 in the current article and 
the result is similar because the number of left shifts required to eliminate probe ring down 
were on the same time scale as the solid-echo delays (see Materials and Methods, above). The 
central peak is extremely broadened where the signal intensity is smaller than half maximum. 
The peak can not be fit with a single peak having Lorentzian, Gaussian or a combined line 
shape. This implies the existence of the broad component. The peak can be fit well to a 
combination of a broad (FWHM = 3.8 kHz) and narrow component (FWHM = 400 Hz) 
similar to the solid-echo data in the paper, Figure 6.3. The fittings were performed using 
DMFit software to extract the narrow and broad component. 
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CHAPTER 7 
Molecular Structure of Spider Venom Neurotoxins and their Interaction with Lipid 
Bilayers  
Introduction 
 Spider venom is used as a powerful hunting and self-defense weapon in nature. It 
is comprised of a diverse range of molecules including salts, small organics, 
acylpolyamines, peptides and protein [1-9]. Previous studies have shown that spider 
venom contains over 300 compounds with various biological functions [1-9]. This pre-
screened and pre-optimized biological library earns spider the nickname “eight-legged 
pharmacist”. The toxic components in spider venom target various biological systems 
such as ion channels and have the potential to be used as drugs for treatments for various 
diseases [10-12]. In the past decades, considerable research focus has been placed on 
indentifying the toxic components and characterizing the biological activities, aiming at 
assisting new drug discovery and design [13-20]. 
Neurotoxins are an important family in spider venom and have been shown to 
target and modulate various voltage-gated ion channels and mechanosensitive channels 
[13-25]. Thus, they are potential candidates for drugs treating diseases such as heart 
arrhythmia, stroke and peripheral neuropathies [3, 10, 12, 26]. Typically, spider venom 
contains tens to hundreds of neurotoxin peptides that share high sequential and structural 
homologies.  Previous studies indicated that spider venom neurotoxins are Cys-rich 
peptides and share an inhibitor Cys knot (ICK) fold [21, 28-31]. Electrophysiological 
studies have shown that these neurotoxins target a range of ion channels with high 
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selectivity even though they share similar primary sequences and molecular structures 
[13]. To understand their differences in biological activity, more 3D structures need to be 
solved to understand their subtle structural differences. Here, we focus on characterizing 
the molecular structure for GsAF2, a neurotoxin isolated from G. rosea tarantula venom. 
GsAF2 is the most abundant neurotoxins in G. rosea tarantula venom (~0.8% by weight 
based on our BCA test). Electrophysiology studies illustrated that it targets a number of 
ion channels including Nav1.1, Nav1.2, Nav1.3, Nav1.4, Nav1.6, Nav1.7, Kv1.1 and 
mechanosensitive channels [13, 22, 32, 33]. The lack of nuclear magnetic resonance 
(NMR) or X-ray structures hinders further studies of the interaction between GsAF2 and 
these ion channels. In this work, we present the solution-state NMR investigation of 
GsAF2 structure.  
It is critical to understand how spider neurotoxins target and bind to ion channels 
that are embedded in membranes. The targeting and inhibiting mechanism has been 
characterized for a few spider neurotoxins including VsTx1, GsMTx4, HaTx1, SGTx and 
ProTx2 using fluorescence spectroscopy, molecular dynamics (MD) simulation and toxin 
depletion assays [34-42]. It was revealed from these studies that the interaction between 
neurotoxins and lipid bilayers plays an essential role in targeting and inhibiting ion 
channels. For example, VsTx1 was shown to first target the membranes and then diffuse 
laterally until it finds the binding sites on the KvAP channels [34]. Electrophysiology 
studies and fluorescence spectroscopy suggested that GsMTx4 modulation of stretch-
activated channels involves the proteins as well as the surrounding lipid bilayers [42]. 
Thus, elucidating the interaction between neurotoxins and lipid bilayers will shed light on 
the mechanism of neurotoxin targeting and modulating ion channels.  
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A number of studies have been performed to investigate the interaction between 
membranes and toxic peptides including spider venom neurotoxins [43-47]. For example, 
MD simulations indicated that GsMTx4 could exhibit a shallow or a deep binding mode 
depending on the lipid bilayer environment [35]. Solid-state NMR was used to explore 
that toxic peptides, such as melittin and protegrin-1 (PG-1) [43, 44], often disrupt the 
lipid bilayers through via a pore forming mechanism. Here, we use solid-state NMR and 
negative staining (NS) transmission electron microscopy (TEM) to probe the assembly 
and morphology changes of model 1,2-dimyristoyl-sn-glycero-3-phosphocholine 
(DMPC) lipid bilayers induced by neurotoxins. The characterization were performed on 
two neurotoxins, GsAF2 and VsTx1, that were directly isolated from G. rosea tarantula 
venom.  
Materials and Methods 
Venom Extraction 
Crude venom was collected from G. rosea tarantula spiders using electric 
stimulation with a BLD T250 TENS Stimulator (Better Life Devices Corp., CA). A 
spider was anesthetized with CO2 gas and its fangs were put on a thick, soft vinyl tubing. 
The stimulator electrodes were placed on the two sides of one fang and an alternating 
current with low voltage (~30-40 V) was applied. Venom was released from the fangs 
upon applying electric stimulation. Typically, 5-30 µl was collected from one spider. A 
minimum of two weeks was needed for spiders to fully recover for another venom 
extraction. The crude venom was stored in a -80 °C freezer until use.  
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HPLC Separation of Crude Spider Venom 
The extracted crude venom was diluted to 50% (v/v) with HPLC grade water 
containing 0.1% trifluoroacetic acid (TFA). Separations were performed on a Schimazu 
Prominence HPLC system using a Waters XSelect CSH130 C18 analytical column (4.6 
mm × 150 mm, 3.5 µm particle size). The two HPLC elution solvents are 0.1% TFA in 
water (A) and 0.1% TFA in acetonitrile (B). Separation was conducted with a solvent 
flow rate of 1 ml/min and a solvent B gradient profile as follows - 20% at 0-5min, a 
linear increase from 20% to 23.5% at 5-15 min, a linear increase from 23.5% to 29% at 
15-47 min, a linear increase from 29% to 35% from 47-62 min, a linear increase from 
35% to 45% at 62-72 min, 100% at 72-77 min and 20% at 77-82 min. The UV 
absorbance was monitored at two wavelengths, 230 nm and 280 nm. Figure 7.1 shows the 
HPLC profiles of G. rosea crude venom obtained using this separation method. HPLC 
fractions were collected and freeze-dried for further use. Two fractions, GsAF2 and 
VsTx1, were used in this study as highlighted in the Figure 7.1 and the purity was 
confirmed by matrix associated laser desorption ionization time-of-flight mass 
spectrometry (MALDI-TOF MS) as discussed below. 
Mass Spectrometry Analysis 
 HPLC fractions were analyzed by matrix associated laser desorption ionization 
time-of-flight mass spectrometry (MALDI-TOF MS). All mass spectra were collected 
using a Voyager-DE STR MALDI-TOF spectrometer operated in a reflection mode.  The 
venom HPLC fraction was dissolved in DI water and mixed with a saturated solution of 
α-cyano-4-hydroxycinnamic acid matrix in 0.1% TFA and 50% acetonitrile. The mixture 
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was pipetted directly onto MALDI sample plate and loaded onto the spectrometer for 
detection upon drying.  
 
Solution-state NMR spectroscopy 
 The lyophilized GsAF2 powder was dissolved in either 90%/10% (v/v) H2O/D2O 
or 100% D2O for NMR experiments. The final peptide concentration was 3 mM. All 
solution-state NMR experiments were performed at 298 K on an Agilent Inova 500 MHz 
spectrometer equipped with a 5 mm Inverse Direct Broadband PFG Probe. All two-
dimensional (2D) experiments performed on GsAF2 90%/10% (v/v) H2O/D2O solution 
were carried out using the WATERGATE solvent suppression scheme. In general, 8012.8 
Hz sweep width (sw) in both dimensions and 1s recycle delay were utilized in proton 
experiments. 512 (t1) × 3072 (t2) complex points were collected for both 1H-1H TOCSY 
and NOESY experiments. 1H-1H COSY experiments were carried out with 768 (t1) × 
4096 (t2) complex points. TOCSY experiments were conducted using 80 ms mixing time 
Figure 7.1.  Reversed-phase HPLC profile for G. rosea crude venom. The areas highlighted in 
gray boxes are the collected GsAF2 (left) and VsTx1 (right) fractions used in this study. 
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with the MLEV-17 spin-lock scheme. NOESY experiments were performed with three 
different mixing times, 80 ms, 150 ms and 250 ms. HSQC data were collected to extract 
13C and 15N chemical shifts. 8012.8 Hz sw in 1H dimension, 1418.4 Hz sw in 15N 
dimension, 1 s recycle delay and 48 (t1) × 2048 (t2) complex points were employed in 
15N-HSQC experiment. 8012.8 Hz sw in 1H dimension, 12570.7 Hz sw in 13C dimension, 
1 s relaxation delay and 160 (t1) × 2048 (t2) complex points were used in 13C-HSQC 
experiment. All solution-state NMR data were processed with NMRPipe [48] and 
analyzed in NMRViewJ [49].  
Solution-state NMR Structure Calculation 
 Proton distance constraints were obtained from NOESY experiments. NOE peaks 
were assigned with the assistance of CYANA [50,51]. 1H, 13C and 15N chemical shifts 
were input into TALOS [52] to extract dihedral angles for structure refinement. Structure 
calculations were performed using CYANA. 
Lipid Bilayers Sample Preparation 
DMPC was purchased from Avanti Polar Lipid Inc. (Alabaster, AL).  The powder 
was dissolved in chloroform and vacuum dried overnight at room temperature to remove 
the solvent. Two folds of ultrapure water by weight were added to DMPC in an 
eppendorf tube and mixed well with a vortex mixer to make 33% (w/w) bilayers. The 
lipid-water mixtures were subjected to eight freeze-thaw cycles in a -78 °C freezer and a 
45 °C water bath. This preparation method results in large multilamellar vesicles (MLVs) 
greater than 1 µm in diameter.  
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Neurotoxin-lipid Complex Sample Preparation 
 In this study, the interaction between spider venom neurotoxins and lipid bilayers 
was characterized for two neurotoxins, GsAF2 and VsTx1. The two neurotoxins were 
obtained from HPLC separation of crude venom as described above. The HPLC fraction 
corresponds to that having a retention time of 30-32 min and 36.3-37.4 min for GsAF2 
and VsTx1, respectively (Figure 7.1). The purity of each fraction was confirmed by 
MALDI-TOF MS analysis (Figure 7.2). Neurotoxin solution was added to the lipid 
bilayers at a neurotoxin molar percentage of 0.02%, 0.1%, 0.5% and 1.5% to form the 
neurotoxin-lipid bilayer complex. The mixture was incubated at 30°C for 20 hours.  
 
 
Figure 7.2.  MALDI-TOF MS spectrum for (A) GsAF2 and (B) VsTx1 isolated from G. rosea 
crude venom using reversed-phase HPLC method as shown in Figure 7.1. The data illustrate 
that the two neurotoxin factions are pure. In A, 3984.92, 3967.58 and 1993.01 correspond to 
deprotonated/protonated [GsAF2±H+]±, [GsAF2-OH−]+ and [GsAF2±2H+]2±. In B, 4002.35, 
3986.02 and 2001.76 correspond to [VsTx1±H+]±, [VsTx1-OH−]+ and [VsTx1±2H+]2± 
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Solid-State NMR Spectroscopy 
Neurotoxin-lipid bilayer mixtures were loaded in 4 mm zirconia magic angle 
spinning (MAS) rotors and sealed with kel-F inserts and caps. Solid-state NMR 
experiments of neurotoxin-lipid bilayer samples were conducted on a Bruker Avance III 
400 MHz spectrometer equipped with a 4 mm HX double resonances MAS probe. 7 s 
recycle delay, 65.7895 kHz sw, 1024 data points and 3.5 µs π/2 13P pulse and 50 kHz 1H 
decoupling during data acquisition time was utilized for collecting the static 31P Chemical 
Shift Anisotropy (CSA) powder patterns. 1H-13C ramped cross polarization (CP)-MAS 
experiments were preformed with 5 s recycle delay, 25.2525 kHz sw, 2048 data points, 
50 kHz 1H decoupling during data acquisition and 5 kHz MAS frequency. The 1H 
decoupling scheme utilized in both experiments were two pulse phase modulated (TPPM) 
1H decoupling with a 15° phase shift. 
Negative-staining Transmission Electron Microscopy  
The utilized TEM grids are 200 mesh copper grids with pure carbon support film 
with a thickness of 15-25 nm (Ted Pella Inc., Redding, CA). 2% (w/v) phosphotungstic 
acid (PTA) with pH = 7.4 was used as the negative-staining reagent.  A neurotoxin-lipid 
bilayer mixture was diluted with DI water to a final lipid concentration of 0.15% (by 
weight). 2 µl of the mixture was placed on the TEM grid. After 15 s slow drying, 10 µl 
PTA solution was slowly introduced onto the grid, while the extra solution was gently 
absorbed from the opposite side using kimwipe paper. The sample was left to dry at room 
temperature for 60 s prior to examination. Images were collected on a Philips CM200 
TEM (Philips Electron Optics, Eindhoven, The Netherlands) at 200 kV. 
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Results and Discussion 
Solution-state NMR Spectrum Assignment and Structure Calculation for GsAF2  
  
NMR resonance assignment for GsAF2 was carried out using conventional 2D 
1H-1H spectra. COSY, TOCSY and NOESY with an 80 ms mixing time were analyzed to 
Figure 7.3.  (A) 1H-1H TOCSY and (B) NOESY fingerprint regions for GsAF2 dissolved in 
90%/10% H2O/D2O. 1H resonance assignments for each amino acid residue are shown in A 
and sequential assignments are presented in B.  Both spectra were collected with an 80 ms 
mixing time. 
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achieve complete 1H chemical shift assignments. The identification of individual amino 
acids was accomplished using J-coupling correlations obtained from COSY and TOCSY 
experiments. The sequential assignment was achieved using the intermolecular and 
intramolecular 1H correlations between amide and backbone alpha protons shown in 
TOCSY and NOESY spectra. Overall, all 1H chemical shifts were assigned except the Y1 
amide proton, K4/K14/K28/Q3/R13 side-chain amide protons and D10/E11/E12/E17/E30 
side-chain carboxyl protons. The fingerprint regions of TOCSY and NOESY spectra are 
displayed in Figure 7.3, where the complete proton chemical shifts and sequential 
assignments are indicated. Upon assigning the proton resonances, 13C/15N chemical shifts 
are ready to be extracted from HSQC data for further structure refinement. 
 The NOE peaks were manually picked in NMRViewJ. With the assistance of 
CYANA, the NOE correlations were assigned to individual 1H resonances. Distance 
constraints were classified to different categories based on the NOE peak intensities. 
Further, 1H, 13C and 15N chemical shifts were used to predict the dihedral angles using 
TALOS. Structure calculations were conducted using CYANA package. At the time of 
this thesis being written, the solution-state NMR structure of GsAF2 is being calculated 
and refined and will be reported upon accomplishment. 
Spider Venom Neurotoxin−Model Lipid Bilayer Interactions 
 The effects on DMPC lipid bilayers were characterized for two neurotoxins, 
GsAF2 and VsTx1. Static 31P CSA powder patterns were collected for the lipid bilayers 
with different neurotoxin doping levels at 35 °C (above DMPC gel-liquid crystalline 
phase transition temperature (Tm)). As presented in Figure 7.4, the lipid headgroup 31P 
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CSA powder pattern changes with introduction of neurotoxins to DMPC MLV lipid 
bilayers. For the case of VsTx1, adding 0.02% VsTx1 slightly changes the classic 
uniaxial powder pattern to one with a pronounced right edge  (Figure 7.4A). The right 
edge corresponds to the bilayer population having the lipid normal perpendicular to the 
external magnet field B0 (perpendicular component). When the VsTx1 doping level is 
increased to 0.1%-0.5%, a broad component is detected near 0 ppm, that indicates a 
population of lipid becoming more disordered and mobile. This implies that VsTx likely 
form pores at the surface of lipid bilayers. A similar disordering effect and pore-forming 
mechanism has been shown in previous studies for various toxic peptides such as melittin 
and PG-1 [43, 44]. When the VsTx1 peptide concentration reaches 1.5%, the lipid 31P 
CSA powder pattern is comprised by two components. The isotropic resonance indicates 
the existence of very disordered lipid molecules or small vesicles. The other component 
shows a CSA pattern significantly emphasizing the perpendicular orientation. This 
illustrates that the lipid bilayers possess oblong geometries and have the long axis aligned 
parallel to the NMR external magnetic field. As displayed in Figure 7.4B, similar spectral 
features were observed for DMPC lipid bilayers incubated with GsAF2. By introducing 
the neurotoxin into the lipid bilayers, a 31P CSA pattern with stronger signal for the 
perpendicular component was observed. At 0.1% GsAF2, pore formation potentially 
occurs on the surfaces of the lipid bilayers, that is indicated by the isotropic resonance 
near 0 ppm in the spectrum. The corresponding headgroups of the isotropic component is 
more mobile than that in the case of VsTx1 as the peak is sharper. Only CSA pattern with 
emphasized perpendicular orientation is detected for the case of 0.5% GsAF2 doping 
level. Thus, following the initial pore formation, introducing more GsAF2 leads the lysis 
	   186	  
and truncation of lipid bilayers into anisotropically shaped assemblies that align in the B0 
field. The 0.5% molar percentage is just enough for GsAF2 to have the bilayers truncated 
to components with oblong shape.  Increasing GsAF2 to 1.5% leads the bilayers severely 
lysed to small vesicles and elongated structures as indicated by the isotropic peak and 
enhanced aligned CSA pattern.  
 
As illustrated by 31P solid-state NMR, spider venom neurotoxins induce lipid 
bilayer morphology changes.  To further probe the changes, NS TEM was employed to 
directly image the shapes of lipid bilayers incubated with VsTx1 and GsAF2. The 
common NS reagent for bio-systems, PTA, was utilized in the present work. Five 
samples were examined and the images are displayed in Figure 7.5. Based on the 31P 
NMR discussed above, the defect degree induced by neurotoxins among the five samples 
have the following order: E (1.5% VsTx1) > D (1.5% GsAF2) > C (0.5% VsTx1) and B 
Figure 7.4.  Static 31P CSA powder patterns for DMPC MLV lipid bilayers with (A) VsTx1 or 
(B) GsAF2 at various neurotoxin molar percentages. The data was collected at 35 °C. 
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(0.5% GsAF2) > A (0% neurotoxin). TEM images of the control sample show that the 
initial DMPC MLV lipid bilayers have approximate sizes of 1-1.5 µm.  Figures 7.5B1-B2 
indicate that introducing 0.5% GsAF2 does not change the sizes of the lipid vesicles. 
However, GsAF2 peptides disturbed the MLVs surfaces and multilamellar tubules were 
observed (Figure 7.5B3). The bilayer tubules still connect each other and have the 
vesicles stay near spherical like pure MLVs. The bilayer tubules have magnetic 
alignment potential due to magnetic susceptibility anisotropy. Thus, a 31P CSA pattern 
with pronounced perpendicular orientation was observed as shown in Figure 7.4B. The 
images of DMPC bilayers with 0.5% VsTx1 are presented in Figures 7.5C1-C3. For this 
case, the neurotoxins lysed the MLVs to bilayers with higher heterogeneity, where 
various morphologies are present. The images illustrates that VsTx1 truncated the MLVs 
to nanodiscs, donut-like structures and worm-like vesicles. The worm-like vesicles have a 
very small population. A reasonable hypothesis is that donut-like structures and worm-
like vesicles are the next stages of nanodiscs. It is likely that extra neurotoxins form pores 
on the surface of nanodiscs and cause a thinning effect and eventually produce the donut-
like structures and worm-like vesicles. This is further shown for MLVs with neurotoxins 
at higher concentrations as shown in Figures7.5D and E, where more worm-like vesicles 
are observed. The DMPC MLVs were lysed to nanodiscs, worm-like vesicles and small 
spherical vesicles by 1.5% GsAF2 (Figures 7.5D1-D3). A statistic measurement reveals 
that worm-like vesicles have an average length of 33±7 nm and an average width of 
3.4±0.6 nm. The width is approximately the thickness of hydrocarbon chains in one 
signal DMPC bilayer [53]. Therefore, the observed worm-like vesicles are elongated 
micelles. Again, due to magnetic susceptibility anisotropy, the worm-like micelles and 
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nanodiscs favor the orientation where the bilayer normal parallel to the magnetic field. 
Thus, the static 31P CSA pattern shows a higher intensity for this orientation (Figure 
Figure 7.5.  NS TEM images of DMPC MLV lipid bilayers with various spider venom 
neurotoxins - 0% neurotoxin (A1-A3), 0.5% GsAF2 (B1-B3), 0.5% VsTx 1(C1-C3), 1.5% 
GsAF2 (D1-D3) and 1.5% VsTx1 (E1-E3). B3 is the zoomed images for area highlighted in 
yellow box in B2. Yellow, red, green and purple arrows point to SUVs, worm-like micelles, 
nanodiscs and donut-like structures, respectively. 
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7.4B). The isotropic component observed in the spectrum belongs to the small population 
of small spherical vesicles present in the sample, that are likely small unilamellar vesicles 
(SUVs). When 1.5% VsTx1 was introduced, the MLVs were completely lysed to worm-
like micelles and SUVs. The SUVs have an average diameter of 54±12 nm. The worm-
like micelles show a 31P CSA pattern with emphasized perpendicular component and the 
SUVs give an isotopic peak in the spectrum as displayed in Figure 7.4A. 
In summary, 31P NMR and NS TEM revealed the following spider venom 
neurotoxin-DMPC lipid bilayer interaction mechanism. At low neurotoxin concentration, 
pores were formed at the MLVs surfaces. With more neurotoxins penetrating the lipid 
surfaces, DMPC MLVs are lysed to a series of intermediate stages – nanodiscs and 
donut-like structures. At high toxin concentration, the MLVs are completely truncated to 
worm-like micelles and SUVs.  It is the anisotropically shaped morphologies such as 
nanodiscs, donut-like structures and worm-like micelles that are believed to orient in the 
magnetic field and give the unique aligned static 31P CSA powder patterns. 
Location of Neurotoxins in Model Lipid Bilayers 
The above discussion shows that spider neurotoxins cause lysis to the DMPC 
MLV lipid bilayers through the formation of pores. In order to understand the depth of 
neurotoxins insertion in the MLV bilayers, 1H-13C CP-MAS experiments were performed 
to probe the mobility changes for various sites of the DMPC molecules caused by 
neurotoxins. Figure 7.6 displays the 1H-13C CP-MAS spectra for DMPC MLVs disrupted 
by GsAF1 and VsTx1 with different concentrations. Because the neurotoxins in the 
samples are not isotope labeled and have very low concentration, the 13C signals are only 
detected for DMPC lipid. The resonances are assigned to each carbon based on previous 
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studies [54]. Figure 7.6A shows that signal decrease were observed for all DMPC groups 
except for β, γ and the methyl groups at the end of hydrocarbon chain tails. The signal 
losses are led by the reduced CP efficiency and indicate these groups become more 
mobile.  This implies that GsAF2 penetrates into the lipid bilayers and causes the rigid 
hydrocarbon chains to become disordered and more flexible. No signal loss is observed 
for β and γ carbons because the two groups are located at the end of lipid heads and 
surrounded with water molecules. Thus, their high mobility would not change much by 
introducing neurotoxin and result in any noticeable CP efficiency decrease. No CP signal 
intensity change is observed for the methyl groups of the lipid hydrocarbon chains, which 
illustrate GsAF2 peptides do not penetrate deep enough to affect the center of the bilayers 
(the end of lipid tails). Similar CP signal losses are observed for DMPC bilayers with 
VsTx1, implying that the neurotoxins penetrate into the lipid bilayers and lead to high 
flexibility for the surrounding DMPC molecules (Figures 7.6B).  It is noticed in Figures 
7.6A and B that the loss of CP signal is larger for VsTx1 disrupted bilayers compared to 
GsAF2 at the same neurotoxin levels. For example, at 0.5% neurotoxin level, almost no 
signal intensity decrease was observed for DMPC bilayers with GsAF2. However, for the 
case of VsTx1, a considerable signal loss was shown for the hydrocarbon (CH2)n groups.  
This indicates that VsTx1 has a larger contacting interface (penetration width) with lipid 
tails, thus, affect more DMPC molecules than GsAF2. Further, the methyl groups gain 
more mobility as a small signal decrease was observed (Figure 7.6B), which implies that 
VsTx1 likely penetrates the bilayers deeper than GsAF2 and disrupts the rigidity of the 
bilayer center. Therefore, although GsAF2 and VsTx1 have similar impact on DMPC 
model lipid bilayers, the penetration depths and widths could be different, which could 
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correlate with the molecular structures. It implies that the two neurotoxins interact with 
DMPC MLV lipid bilayers differently. 
 
 Temperature Dependent Neurotoxin-lipid Bilayer Assembly 
When DMPC MLVs are lysed to the small assemblies such as nanodiscs, worm-
like micelles and SUVs in the presence of spider venom neurotoxins, the samples look 
more transparent.  It is noted that the appearance of the neurotoxin-lipid bilayer solutions 
Figure 7.6.  1H-13C ramped CP-MAS spectra for DMPC MLV lipid bilayers with (A) GsAF2 
or (B) VsTx1 at various neurotoxin molar percentages. The carbon resonance assignments are 
shown in the figure for DMPC along with the structure (above). 
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becomes more milky/cloudy above the phase transition temperature (see supplementary 
materials, Figure 7.S1). For examples, 1.5% neurotoxin-lipid bilayer sample is 
transparent at room temperature, but cloudy at 35 °C. It indicats that the bilayer 
assembly/morphology is subjected to changes upon heating. To understand this 
phenomenon, a series of static 31P CSA powder patterns were collected for neurotoxin-
lipid bilayers at various temperatures. Figure 7.7 shows 31P spectra for 0.5% VsTx1-
DMPC bilayers undergoing continuous temperature cycles. When the temperature 
decreases to ≤ 20 °C, the magnetic alignment feature disappear in the anisotropic CSA 
pattern, which is due to DMPC bilayers present in the gel phase at these temperatures (< 
Tm). In addition, a weak isotropic peak is observed in the spectra, indicating the bilayers 
undergo further lysed and produce a small portion of SUVs at low temperatures (< Tm).  
When heating the sample back to 25 °C, the observed 31P CSA powder pattern shows that 
the bilayers align better in the B0 magnetic field. One possibility is that the truncated 
bilayers tend to fuse into longer elongated assemblies above phase transition temperature. 
The longer assemblies have higher magnetic alignment potential. Same changes are 
observed for the sample subjected to the second temperature cycle as shown in Figure 
7.7, where lipid bilayer lysis and fusion are observed below and above Tm. The magnetic 
alignment is further enhanced at higher temperature as shown by the CSA powder 
patterns collected at 27 °C that 25 °C. Thus, increasing temperature will lead to the 
bilayers fuse together and produce oblong assemblies with larger length. Based on the 
TEM images shown in Figure 7.5, this process likely results in longer worm-like 
micelles, nanodiscs or donut-like structures. In summary, 31P spectra shown in Figure 7.7 
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illustrate that bilayer lysis and fusion occur for neurotoxin-lipid bilayer systems below 
and above the lipid Tm, respectively.  
 
Figure 7.7.  Static 31P CSA powder patterns for 0.5% VsTx1-DMPC MLV lipid bilayers 
undergoing heating-cooling cycles.  As indicated by the direction of arrows, the The 
temperature cycles start at 25 °C shown on the top left and end at 25 °C displayed on the right 
bottom. Each spectrum took 2 hours with 20 minutes between spectra for temperature 
reaching equilibrium. 
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Based on Figure 7.7, it seems that the lysis and fusion is irreversible as better 
enhanced alignment feature is observed for spectra collected at 25 °C along the timeline 
of the temperature cycles. However, It should be noted that the sample could almost 
completely recover back to the original state in several days based on 31P data (not 
shown) at room temperature. In addition, such neurotoxin-lipid bilayer samples could 
change several months later if it is stored at low temperature such as -20 °C.  For 
example, Figure 7.8 presents the 31P spectra for 1.5% VsTx1-DMPC lipid bilayers 
collected two months after the sample being prepared. Comparing with the spectrum 
collected several days after preparation (Figure 7.4A), stronger isotropic peak are 
observed. It indicates that the lysis of the bilayers keeps occurring overtime, even slowly, 
at low temperature (< Tm). As indicated in Figure 7.8, DMPC MLV bilayer lysis and 
fusion phenomenon are also observed for this sample at low and higher temperatures, 
respectively. Different from 0.5% VsTx1-DMPC lipid bilayers, when the sample is 
heated back to 25 °C or 27°C after first heating-cooling cycle, the CSA patterns do not 
show enhanced magnetic alignment features comparing to those collected at the same 
temperature at the beginning of the cycle. It is probably led by the lipid bilayers in this 
sample undergoing much slower fusion above Tm.  The fusion process occurs after 
bilayers lysis at low temperature and take hours to reach equilibrium, which is longer 
than one spectrum collection period. This is further shown by the two spectra collected at 
27 °C displayed at the bottom in Figure 7.8. It indicates that DMPC lipid bilayer fusion 
keeps occurring for a few hours. In this sample, the magnetic aligned components are 
worm-like micelles and they have smaller chance to fuse to longer structures as it 
requires the ends of micelles in contact. Thus, they show a much slower fusion process 
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than other intermediate states like nanodiscs and donut-like structures. It needs to point 
out that the fusion occurring at even higher temperatures could generate bilayers large 
enough that they show poorer magnetic alignment. For example, the 0.5% VsTx1-DMPC 
bilayers do not present a remarkable aligned 31P CSA pattern at 35 °C as at 25 °C and 27 
°C (Figure 7.4A and Figure 7.7).  
 
To summarize, DMPC MLV lipid bilayers with spider venom neurotoxins 
undergo lysis and fusion below and above the gel-liquid crystalline phase transition 
temperature. This leads to temperature dependent static 31P CSA powder patterns, which 
is critical to understand when using 31P NMR to characterize the effects of neurotoxins on 
Figure 7.8.  Static 31P CSA powder patterns for 1.5% VsTx1-DMPC MLV lipid bilayers 
undergoing heating-cooling cycles.  The arrows indicate the temperature cycle direction. Each 
spectrum took 2 hours (the last second one took 4 hours) with 20 minutes between spectra for 
temperature reaching equilibrium. 
 
 
	   196	  
lipid bilayers. In fact, similar phenomenon was observed for melittin-DMPC lipid 
bilayers as reported in previous studies [43, 55]. 
Conclusion	  
In this study, the structure of GsAF2 was characterized by solution-state NMR. It 
opens the door for further investigating the interaction between this neurotoxin and ion 
channels at the molecular level. In addition, 31P NMR and NS TEM were utilized to 
characterize the assembly/morphology changes induced by spider venom neurotoxins on 
DMPC MLV lipid bilayers. It reveled that GsAF2/VsTx1 peptides form pores at the 
surfaces of lipid bilayers at low concentration (< 0.5%). Increasing the peptide 
concentration leads to the formation of nanodiscs, donut-like structures and worm-like 
micelles. At high peptide concentration, the lipid bilayers are completely lysed to worm-
like micelles and SUVs. The formed anisotropically shaped structures including 
nanodiscs, donut-like structures and worm-like micelles tend to orient in the NMR B0 
field and present aligned static 31P CSA powder patterns. Although both GsAF2 and 
VsTx1 penetrate the lipid bilayer surfaces and form pores, the penetration width and 
depth appear to be different based on 1H-13C CP-MAS NMR experiments. In addition, 
the assembly/morphology of neurotoxins disrupted DMPC MLV lipid bilayers is 
temperature dependent.  The lipid bilayer lysis and fusion occur below and above its gel-
lipid crystalline phase transition temperature. The studies provide important information 
for understanding the interactions between spider neurotoxins and membranes at the 
molecular level.  
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Figure 7.S1. Photo images of spider venom neurotoxin-DMPC lipid bilayers. The top image 
shows that the DMPC lipid bilayers appear milky/cloudy when they are heated at 35 °C. After 
sitting on a bench at room temperature for a few minutes, bilayers affected with 0.5% and 
1.5% neurotoxins would change to transparent from milky-like appearance. This appearance 
change is reversible during heating-cooling cycles. 
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